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PREFACE 


The empirical laws on which modern spectroscopy is based were 
all worked out with a notation which seems to-day cumbrous 
and misleading ; yet since 1929, when a large group of physicists 
adopted the modern simphfications as standard, no adequate 
review of the earlier work seems to have appeared in this country ; 
the beginner must still refer to Fowler’s Report and master a 
notation which he will soon wish to forget. To repair this omission 
is the chief aim of the first volume. In addition, an accotmt is 
given of the splitting of spectral lines in a magnetic field, since 
this is essential to a full understanding of the series laws. 

As Fowler’s Report ordered series spectra, so Hund’s Linien- 
spektren ordered the spectra of the elements and related them 
to the periodic system; if the evidence was impressive in 1927, 
it is now overwhelming ; the theory is developed and tlie spectral 
types described in five chapters of the second volume. 

Besides these two chief topics, there are others which are more 
or less closely related ; some of these, notably hyperfine struc- 
ture, are of very recent growth. The last chapters take up these 
topics one by one, and lead the reader to the boundaries on 
which research is now concentrated. 

In the hope that the argument may remain witliin the easy 
comprehension of every working physicist, the vector model has 
been used throughout. Where the quantum mechanics has 
refined the predictions of the model, the results have been freely 
quoted and compared with experiment; but the rather heavy 
mathematics, which is the basis of even the simplest calculation, 
has been wholly excluded. 

It is a pleasure here to record how much this book owes to the 
Cambridge Professor of Mathematical Physics, R. H. Fowler; 
without his encouragement it would never have been begun, 
or if begun, it would without his interest never have seen 
the light of day. To many others I am indebted for help in the 
later stages; J. E. Keyston was kind enough to write a draft 
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chapter on hyperfine structure; Dr R. W. B. Pearse has read 
chapters x, xvi and xxii, and advised me on them. 

So many have helped me with the illustrations that I can here 
do little more than record their names and my gratitude. 
Professor H. Dingle has obtained me the loan of many photo- 
graphs, which are the property some of Professor A. Fowler 
and some of the Imperial College; he has also advised me 
on many other points. Professor E. Back has sent me the 
photographs from which the plates in his book on the 'Zeeman- 
effekt’ were made. I am indebted to Professor C. J. Bakker for 
some photometer curves of hyperfine structure, to Mrs K. Darwin 
for drawings of the Paschen-Back effect, to Dr R. G. J. Fraser 
for permission to copy deflection patterns from his book on 
Molecular Rays, to Professor J. B. Green for photographs of 
the incipient Paschen-Back effect and for blocks illustrating 
hyperfine structure, to Dr D. A. Jackson for photographs of 
hyperfine structure, to Professor W.F.Meggersforphotographs of 
scandium multiplets, to Professor F. H. Spedding for absorption 
spectra of samarium and finally to Professor R. Tomaschek for 
the spectra of various phosphors. 

The editors and publishers of many periodicals have kindly 
given me permission to copy from their works. Of these debts 
I hope the detailed references given beneath the figures are the 
best acknowledgment. 

In a work in which so much detail appears, one cannot expect 
that errors have been entirely avoided ; in the hope that these 
are not numerous, I shall be glad to know where they occur. 

A. C. C. 

Leighton Paek 
Reading 
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CHAPTER I 
INTRODUCTION 

1 . The problem 

When an atom is heated in a flame or excited by a spark discharge, 
it emits an immense number of lines, some perhaps visible but 
many more in the ultra-violet; to reduce these lines to order and 
to correlate them with the structure of the atom have been the 
two ideals towards which spectroscopists have always worked. 
The problem has been tackled both inductively and deductively; 
the observed spectrum has been arranged in systems and series, 
and the states of the atom have been deduced; and from the other 
end the states of the atom have been calculated with the aid of 
the simple vector model or the more elaborate wave mechanics, 
and the lines deduced have been compared with experiment. 
History shows that advance has been most rapid when the two 
methods have been used side by side; but in reviewing the work of 
the past, a better grip of the subject is probably obtained by 
presenting experiment first, and introducing theory only as a 
convenient method of correlating the facts; this order has at least 
the advantage that should the present theory ever be displaced 
by a better, the experimental facts would still be intelligible. 

Half a century ago this work was scarcely begun, yet to-day 
one may simply, if also only roughly, predict the spectrum of any 
nuclear charge with any number of extra-nuclear electrons. 
Half the elements have been analysed in some detail, and there 
can be no doubt that in due course every line of every element will 
be labelled as arising from a particular transition within the atom. 
The scheme has already been developed; what remains will in all 
probability reveal no unsuspected difficulty, but will be a long 
piece of routine work. 

2. Historical 

The history of the investigation of spectra may be divided into 
four periods, an acoustic period, a series period, a quantum -theory 
period and a last period introduced by the quantum mechanics of 



2 INTRODUCTION [CHAP. 

Schrodinger, Heisenberg and others. Like most other historical 
diyisions, these are arbitrary; the periods really overlap and 
inter-weave, but it is necessary to be arbitrary in order to be 
clear. 

The first period began with the earliest measurements of wave- 
length, and continued with the work of Boltzmann, Liveing 
and Dewar until 1881, when Schuster brought it to an abrupt 
conclusion. During this period any theories put forward were 
based on analogies with the harmonic ratios of sound. The one 
triumph was Johnstone Stoney’s discovery that in the spectrum 
of hydrogen the frequencies of three of the four visible lines are 
in the ratio of 20:27: 32.* Schuster, however, suspected that this 
hne of attack was unprofitable, and in a very interesting paper 
justified his suspicion by proving that the closeness of fit was only 
what chance would predict, f 

Though he had stopped unprofitable speculation, Schuster put 
forward no new theory, and the second period did not open until 
four years later, when Balmer pubhshed his classic formula 
giving the wave-lengths of the visible lines of hydrogen. Written 
in a modern form, this states that the wave-length A and the 
wave-number v are given by the equation 



R is here an absolute constant now commonly known as Ryd- 
berg’s constant, while n assumes the values 3, 4, 5, 6 for the four 
visible lines. 

This formula served as a first example of two important 
generalisations. Rydberg in the last decade of the century showed 
how the simple Balmer formula might be generalised to give an 
account of series in other elements. While later Ritz pointed out 
that written in the form 

’ 

where and are both integers, the Balmer formula states that 

* Johnstone Stoney, PM, 1871, 41 291. A key to the letters used in referring 
to periodicals is given in Appendix I. 

t Schuster, PRS, 1881, 31 337. 
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the waye-number of any spectral Kne may be written as the 
difference of two terms T' and T\ 

v = T"-T\ 

This is the important Rydberg-Ritz combination principle; 
though stated in 1908 before Bohr applied the quantum theory to 
solve atomic problems, it is so closely linked with his ideas that it 
is best considered as the first dawn of the third period. 

In 1913 Bohr applied Planck’s quantum theory to solve the 
problem of the radiating atom. He postulated that an electron, 
which revolves round the nucleus, must move in one of a number 
of orbits specified by quantum conditions; moving in one of these 
'stationary states’ the electron does not radiate as classical 
electrodynamics requires; instead radiation is emitted only when 
the electron jumps from one stationary state to another. In a 
second postulate Bohr added that the frequency of the line 
emitted depends on the difference in energy of the two 
states. 

On this basis the whole complex structure of modern spectro- 
scopy has been erected. Its great achievement is that it enables 
physicists to deduce from the spectrum of an element the energies 
of the stationary states of the atom. To correlate the energies of 
these states into some system was the next problem; a first step 
had been made in the work on series of an earlier day, and this has 
been continued in the so-called ‘ vector model ’ of the last decade. 
Conceived to describe the atom in terms of the classical mechanics 
and the theory of relativity, the model is to-day regarded simply 
as a convenient way of correlating experimental facts. 

Like the geometrical theory of optics in another field, the vector 
model gives a satisfactory description of many spectroscopic laws. 
It is simple and easily visualised, and for these reasons it is 
valuable. But it covers only a part of the area covered by the 
wave mechanics, just as in optics the geometrical theory is less 
powerful than the wave theory. 

The fundamental equations of the wave mechanics offer in 
principle a solution of any problem of atomic structure, and so 
also of spectral emission; but in j^ractice the equations are so 
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difficult to solve that mathematicians have been able to apply the 
new theory only to some of the simpler problems. 

The advent of the wave mechanics heralded the dawn of what 
must undoubtedly be considered a fourth period in the develop- 
ment of spectroscopy; but important as the new theory is, it has 
not, and almost certainly will not, displace the older vector model, 
for the physicist asks for something he can touch and see, or, as he 
often says, for something he can understand. This the vector 
model gives him, and with it the bulk of this book is concerned. 
Many of the results obtained by the wave mechanics will be 
noted, but the theory which underlies them will not be discussed. 



CHAPTER II 


THE HYDROGEN ATOM 

1 . Series 

The hydrogen atom is the only neutral atom which does not con- 
tain more than the two bodies with which alone classical mechanics 
is able to deal, and if the band spectrum due to the molecule be 
ignored the spectrum is also simple. The lines produced by the 
atom are shown in Fig. 2*1, and may be divided into five groups, 
which are called technically ‘series’. 

Series occur not only in hydrogen, but in all simple spectra; 
starting with the line of longest wave-length in any series and 
moving towards the violet, one observes that the lines lie nearer 
and nearer together and at the same time decrease in intensity. 
When a large number of lines are visible, it is quite clear that the 
decreasing separation at the violet end of the series piles up the 
lines towards a sharply defined limit. 

Experience shows that spectral laws take their simplest form 
when expressed as relations between frequencies rather than 
wave-lengths, and therefore in Fig. 2*1 as in all subsequent 
figures the scale is a uniform scale of frequency. But in that 
spectroscopists measure the wave-length and can calculate the 
absolute frequency only when they know the velocity of light, 
they commonly use the wave-number or reciprocal of the wave- 
length rather than the frequency. The visible spectrum extends 
roughly from 4000 to 8000 A., when 1 A. or angstrom is 10~® cm. 
or 10~^/xju,. In terms of wave-numbers this is 25000 to 12500cm. 
Again small separations are often important and it is sometimes 
convenient to remember that the separation of the yellow D^Do 
doublet of sodium is 6 A. or 17 cm.~i 

The five series of the hydrogen spectrum are named after their 
discoverers; of these Balnier"* was the first, for he showed, as 
early as 1885, that the four lines in the visible region may be 


* Balmer, AP, 1885, 25 80. 
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represented by a formula, which in modern notation takes the 
form 


v = R 


J. 

22 


.( 2 - 1 ) 


where J?is a constant of value 109677-76 om.~^, and n takes on 
the successive values 3, 4, 5, 6 for the four lines. Later workers 
measured many hnes in the ultra-violet and found that these fit 
the formula with remarkable accuracy when n is given higher 
integral values. Fig. 2*2 gives a comparison of theory and 
experiment. 


n 

V calculated®- 

A calculated 

A observed*^ 

3 

15233*156 

6564-628 

6564*602 

4 

20564*760 

4862*687 

4862*680 

5 

23032*531 

4341*685 

4341*683 

6 

24373049 

4102*893 

4102*891 

7 

25181*339 

3971*195 

3971*194 

8 

25705*950 

3890*150 

3890*149 


Fig. 2*2. The first six lines of the Balmer series. 

^ R is taken as 109678*72, this being the value which Curtis found to give the 
best fit. 

^ Curtis, FBS, 1919, 96 147. The wave-lengths have been corrected to vacuo. 

Later Lyman* found another series of hydrogen lines in the far 
ultra-violet, while Paschen,]’ Brackett J and Pfund§ observed 
new series in the infra-red. 

Generalised in the form 



the formula sliowed itself capable of accounting for all these new 
lines; indeed it was used to predict some of them, is fixed in any 
given series and has the values 1, 3, 4, 5 for the Lyman, Paschen, 
Brackett and Pfund series respectively, while Mg takes on a series 
of integral values subject to the condition that ?^2 > . The limit 

of any series is obtained by making 71^ tend to infinity, so that the 
limit of the Balmer series is simply R/4: or 27419*4 cm.~^ 

Lyman, AJy 1906, 23 181. 

t Piischcn, AF, 1908, 27 r)37. 

;|: Brackett, AJ, 1922, 56 154; Poetkcr, PE, 1927, 30 418. 

§ Pfund, JOSA, 1924, 9 193. 





Fig. 2-3. Level diagram of hydrogen. Each vertical shows an electron imnp; 
■ srs give the wave-length in angstroms, the thickness gives a rough 

indication of the intensity. After Grotrian, Graphische Darsldlung der 
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2, Interpretation by diagram 

These facts are very simply illustrated by a diagram due to 
Grotrian (Fig. 2-3). Down a vertical line lengths i?, i2/4, ... Rjv? 
are measured off, and horizontal lines are drawn through the 

Term 


Term values 

values cm?' 



a uniform Hcalo of frequency. 


points obtained to represent terms of the spectrum. Any transi- 
tion between two terms may lie represented by a vertical arrow, 
whose length will be a measure of the wave-number of the line 
emitted. The line represented by tlie equation 

11 
22 ”* 32 


v = B 
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may be used to illustrate this; in both Figs. 2*1 and 2-3 it appears 
as the difference of two lengths marked A and B, which are in fact 
the quantities i?/4 and i?/9; but whereas in Fig. 2-1 they are 
measured from the Hmit of the Balmer series, in Fig. 2-3 they are 
measured down from a hne which is the limit of the term sequence, 
being the value of R/n^ when n-^co. The limit will be seen later to 
represent an atom which has lost an electron. 

Fig. 2-3 may be refined to give an even clearer picture of a 
series, by so spacing the arrows horizontally that if the spectral 
lines to which they correspond are shown at the bottom, these 
lines are correctly spaced along a frequency scale with the 
highest frequency on the right. This has been done for the Balmer 
series in Fig. 2-4. 

3. Bohr’s Theory 

The hydrogen atom consists of a heavy nucleus and an electron 
revolving around it. In terms of a system so simple classical 
electrodynamics has always been unable to account for the line 
spectrum. If the revolving electron radiates as any accelerated 
charge must, then the system must lose energy and the electron 
will approach the nucleus and ultimately fall into it. Moreover, 
the system will give a continuous, not a line, spectrum. 

Bohr first surmounted these difficulties in 1 9 1 3, when he applied 
the quantum theory to the problem in two famous postulates. The 
first of these states that an electron can only revolve about the 
nucleus in certain orbits; these orbits Bohr called ‘stationary 
states’, because only in these orbits can the electron remain an 
appreciable time.* 

When the electron leaves one stationary state it must pass in- 
stantaneously to another; and if these two states have energies 
jB' and E", so that E' > E'\ then Bohr’s second postulate adds that 
a quantum of monochromatic light will be emitted, the frequency 
V being determined by the equation 

W = E'--E\ (2-3) 

where h is Planck’s quantum of action 6*55 . erg sec. Sub- 
* Bohr, PM, 1913, 26 1, 476, 857. 
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stituting the wave-number v for the true frequency v\ the equa- 
tion reduces to E' E" 



where c is the velocity of light. As in the Balmer formula the wave- 
number of the emitted line is here expressed as the difference of 
two terms, but the two may be made identical by equating E^jhc 
to or - As the strongest hydrogen lines arise between 

states having small values of n, these are presumably the most 
stable and have the lowest energy values; accordingly, the 
two expressions are best made equivalent by writing the energy 
Ej of a stationary state as 

hcR 


Et=- 




.(2-5) 


This choice will make the energy zero when n is infinite, that is 
presumably when the electron has been removed to an infinite 
distance and the atom has been ionised; maldng this explicit we 
write El instead of E, since E is now measured from the limit. 

Continuing on the assumption that an electron travelling in a 
permitted orbit obeys the classical laws, Bohr developed a 
mechanical model, which is so successful in co-ordinating the 
more important facts that it is still worth study to-day, even 
though Heisenberg has given a more general treatment. 


To make the argument as simple as possible, suppose that the mass 
of the nucleus is infinitely gr‘(‘.at compared with that of the electron, 
and that the vc‘Iocity of the latter is very small compared with that 
of light. If the accelerated electron does not emit radiation, it will 
d(‘scribe an ellipse with tln^ nucleus in one focus as Kepler’s first law 
re(|uires. The fre({uency of revolution cu and the major axis of the 
ellipse, 2a, are given by the ecjuations 




'IW' 

7rV‘»«.„’ 



(2-6) 


where f; iiiul to,, arc the ehiirgc aucl nuisa of the oleetron, while IV is 
the work which must bo ixdiUid to tlu: system iu order to rcunovo the 
oleetron to an infinite distance. Tin* eciuations (2'()) show that both 
the frcHjneney of revolution and the magnitude of the major axis 
depend only on the energy. Assuming a,s in ecpiation (2-5) that the 
energy is zero when the atom is ionised, 


(2-7) 
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Combining equations (2*5) and (2*6) the frequency of revolution of 

the electron in the uth orbit appears as 


2 

77-2 ’ 


( 2 - 8 ) 


A particular line of the spectrum arises from a transition between 
two stationary states in each of which the electron revolves with a 
certain frequency ; but no simple relation between these frequencies 
of revolution and the frequency of the emitted radiation is to be 
expected. Long before Bohr wrote, however, Planck had shown that 
the quantum theory of black body radiation agrees closely with the 
classical theory, when the electromagnetic oscillations are sufficiently 
slow; so Bohr plausibly assumed that this correspondence extends to 
the mechanics of the hydrogen atom. If it does, a transition between 
the nth. and (u + l)th states should give rise to radiation of the fre- 
quency predicted by the classical theory when n is sufficiently large ; 
the frequency of the radiation will then be simply oj. 

According to the quantum theory the frequency of the radiation 
arising from the jump between the {n-\- l)th and ?^th stationary states 
is given, by 

When n is very large, this expression is approximately equal to 

^,_2J?c 


But according to the classical electrodynamics this is the frequency 
of revolution . 

This value of will satisfy equation (2-8) if, and only if, 




(2-9) 


Thus Bohr by using here the quantum theory and there the 
classical theory mixed a hotch-potch which, when properly 
baked, formed itself into an expression relating R to the other 
physical constants. When the known values of e, and Ji were 
introduced into this expression, the value obtained was 109700 
cm.“^; and this agreed very well with the spectroscopic value of 
109678 cm.“^ In early years this numerical agreement was the 
most powerful argument in favour of the theory. 

The above argument follows closely that of Bohr’s original 
paper. It is not so logical an argument as could be constructed 
to-day, but it keeps the physical meaning of each step clear, and 
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offers a very elementary example of the correspondence between 
wave theory and quantum theory. This ‘correspondence’ has 
been developed into a principle by Bohr, and has been used with 
great success in deducing selection rules, intensity relations 
and the like.* 

Further confirmation of Bohr’s theory of the hydrogen atom 
may be obtained by examining the energy and size of the atom 
predicted. The atom will be most stable when W assumes its 
greatest value; this is W = chR, corresponding to n=l. Under 
normal conditions most atoms will probably be in this state, and 
only a negligible number in the state having n = 2.To this then 
corresponds the observation that lines of the Balmer series do not 
appear in absorption spectra in the laboratory, though they 
appear reversed in the spectra of certain stars. 

Again the maj or axis of the ellipse in which the electron moves is 

2a = n^= 1-1 . 10-%2 cm (2-10) 

chR 

When n is small the values obtained from this equation agree 
well with those obtained from the kinetic theory of gases, but 
atoms in the higher states are to be expected only at low pressures. 
When n = 20, the diameter of the atom should be 4*4. 10“® cm. 
according to Bohr, and atoms will be at this mean distance apart 
only when the pressure is reduced to 0*3 mm. of mercury, so that 
transitions from this state to another can hardly be expected to 
give rise to lines of measurable intensity until the pressure has 
been reduced beyond this. 

In the laboratory only the first four lines of the Balmer series 
are usually observed, but Whiddingtonf has shown that when 
the pressure is reduced from 1 mm. to 10“^ mm. of mercury, the 
number of lines can easily be raised from four to twenty. Further, 
there seems to be some evidence that the lower the pressure in a 
star the greater the number of Balmer lines observed. In ^ 
Puppis Pickering actually observed 33 lines. 

* A good account of the correspondonco principle is found in Andrade, The 
Structure of the Atom, 1027, 206. 

t Whiddington, PM, 1923, 46 605. 
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4. Ionised helium 

Bohr’s simple theory should be applicable to ionised helium, 
which like hydrogen consists of a single electron rotating about a 
positively charged nucleus. If the theory be revised for a nuclear 
charge of Ze, it indicates that the spectrum will be represented by 











( 2 - 11 ) 


where jBh is identical with the quantity previously written B. 

Pickering* long ago discovered in t, Puppis certain lines which 
can be nearly, but not precisely, represented by this formula 
when Z= 2 and 7^1 = 4; while later Fowler, f passing a condensed 
discharge through heHum, observed a second series having = 3. 
At first both series were attributed to hydrogen, and only when 
Bohr J had shown how the fines might be explained as part of the 
spark spectrum of helium was this view confirmed in the labor- 
atory.§ 

Though alternate fines of the Pickering series fie close to lines 
of the Balmer series, they do not coincide; agreement with equa- 
tion (2*11) can however be improved, if a new constant i?He is 
substituted for the old one i?H • This change Bohr ascribed to the 
different masses of the two nuclei. The above discussion has 
assumed that the mass of the nucleus is infinite ; if in fact the mass 
is finite and equal to M, the electron will revolve not about the 
nucleus, but about the centre of gravity of nucleus and electron. 
Allowance can be made for this by writing in all equations instead 


of the mass the quantity 


M 


Trig . Accordingly 


Bue _ l + ^e/Afn (2-12) 

iJn l + ^Afne 

The value of JSne is 109722*40 + 0*05 cm.”^, which gives the 
ratio M^jm^ the value 1843. This is in satisfactory agreement 
with the deflection of an electron in a magnetic field, for 


* Pickering, AJ, 1896, 4 369; 1897, 5 92. 
t Eowler, A., Roy. Astron. 8oc., M.N. 1912, 73, 62, 
J Bohr, PM, 1913, 26 1. 

§ Evans, PM, 1915, 29 284. 
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the latter shows the hydrogen atom 1838 times as heavy as an 
electron.* 

Series homologous with those observed in hydrogen and ionised 
helium are to be expected in any ion, which has only one electron, 
and in fact five lines homologous with the Lyman series have been 
observed in the second spark spectrum of lithium, sometimes 
written Liiii.t 
5. The wave mechanics 

Although the wave mechanics was born of abstruse mathe- 
matics, some of the ideas may be expressed in quite simple 
terms. J 

Ten years ago physicists were impaled on a dilemma; the wave 
theory and only the wave theory would explain interference and 
diffraction; the quantum theory and only the quantum theory 
would account for interchange of energy between radiation and 
matter. Moreover, the quantum theory of the atom which gradu- 
ally developed on Bohr’s foundation contained so many ad hoc 
assumptions, that only those who did not fully understand it 
could feel satisfied. In 1925, however, the genius of De Broghe§ 
showed that these two antagonistic theories might be woven into 
one whole, and in doing so rendered unnecessary the arbitrary 
assumptions of the old quantum theory. Most physicists would 
have been content had De Broglie shown that the two views were 
compatible when light alone is considered, but Compton had 
already shown that when X-rays scatter electrons, the quanta or 
photons behave as if they are solid particles having a definite 
momentum; and so De Broglie cast his net far wider and boldly 
asserted that since matter can carry momentum, matter like 
light will behave under suitable conditions as if it is waves. 

* Compariaon of tlic powition of in liydrogon and Jiojivy Jjydrogou ofTcrs 
an even more accurate nu^thod of moa-suring A/n/w,,. Shane and Spc^ddimr />/»» 
1935, 47 33. 

t Gale and Hoag, PJl, 1031, 37 1703a. 

t This section is based largely on West, Hciencx Pro(/res,% J!)3l, 25 022. 

§ Professor R. H. FoAvler has kindly pointed out that do Hroglii^’s ideas 
were implicit in Heisenberg’s matrix mechanics. History r<datcH that Scdi rudingor 
showed the matrix mechanics capable of a wa,ve interprcta,tion, thus simplifying 
it, and that J3irac generalised the result. .Do Hroglie’s wave theory is important 
to-day, but it exerted little inhuenco on the course of development at the time. 
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Consider how these ideas may be applied to the hydrogen atom. 
If the revolving electron behaves as a wave of length A, the cir- 
cumference of the orbit must be an exact multiple of the wave- 
length, or the wave will interfere destructively with itself. 
The condition therefore that a stationary wave system shall be 
formed appears to be {2-13) 

where n is integral, and the orbit is supposed circular. 

In order to use this relation, however, the wave-length of the 
electron must be discovered. To obtain this, consider again 
Compton’s discovery that when a photon strikes an electron, 
momentum is conserved, the momentum of an electron being 
and of a photon Av/c. 

The reasons for taking 'hv\o as the momentum of a photon are 
various; thus Einstein’s work on the special theory of relativity 
led him to state that any quantity of energy E has associated with 
it a mass E jc^; but the energy of a photon is hv and it travels with 

velocity c, so that it should carry momentum ^ . c = . And this 

links up satisfactorily with Maxwell’s statement that the pressure 
exerted by isotropic radiation is Ejd where E is now the energy of 
unit volume; for if there are n photons per unit volume, and these 
are considered as divided into three equal groups travelling 
parallel to the three faces of a box, the number striking unit area 
on one face is nc/3 per second; accordingly the momentum de- 
JhV ThC 

stroyed per second is — ,— = ^nhv, which is EjS, as Maxwell’s 

C u 

theory and Stefan’s experimental law both require. 

If the momentum of a photon is hvjc, however, it may equally 
well be written A/A; and if this relation is valid also for an electron 


then 


h 




where v is the velocity with which the electron is travelling. 

The wave-length of an electron is thus hjm^v, and the condi- 
tion for a stationary wave system simplifies to 

27Ta = . 
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This will determine the radii a of the permitted orbits, if a further 
relation is obtained between a and v, as it may be by following 
Bohr’s derivation and applying the classical laws to the motion 
of the electron in a circular orbit; for these laws show that if the 
nuclear charge is Ze, then 


. Ze^ 
— or = — . 
a 


(2-14) 


Thus the condition for a stationary wave system becomes 


..I 


nh Y IZeP' 


I 27rTO, 


/ 




or 2a = 






.(2-15) 


and this is the expression obtained much earlier by Bohr. 
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CHAPTER III 

THE ALKALI DOUBLETS 


1. Detection of series 

In the elucidation of simple spectra early workers depended 
almost entirely on the discovery of series of lines. These series have 
the same general appearance as the series of hydrogen; the lines 
decrease in intensity and lie nearer and nearer together as the eye 
moves from the red to the violet. But this definition alone is 
seldom sufficient to identify the lines of a series, for in all spectra, 
except hydrogen, different series overlap one another. This is 
illustrated in Eig. 3*1, which shows the spectrum of lithium. 

Sometimes the appearance of the lines helped early workers, 
and so the terms ' sharp ’ and ^ diffuse ’ were used to designate 
particular series in the alkalis. Again in lithium, which we may 
select as a type for this description, the lines of a third series are 
particularly intense and are easily absorbed by cold lithium 
vapour, so that it is known as the ‘principal’ series. Often, too, 
fines of this series appear ‘ self-reversed ’ ; that is to say the normal 
fine has a narrow dark band down the centre of it, an appearance 
which arises when the centre of the broad fine emitted by the hot 
core of the discharge is re-absorbed by the cooler layers outside; 
the line emitted will naturally be broader than that absorbed, 
because the Doppler effect of a moving source will broaden a line 
more the greater the velocity of the source, and therefore the 
higher the temperature. 

Any series of hydrogen may be written in the form 


where is the wave-number of the limit. Rydberg showed that 
this" may be generalised for series of other elements in the form 



where a is a constant characteristic of the series and m assumes a 
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series of integral values as n did. m is commonly called the 
' serial’ number. Rydberg’s constant R has the same value in all 
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Fig. 3-1 Series in litliinrn. The lower part of the fignre illustrates Rydberg’s 
series formula. 


spectra, if small deviations in a few light atoms are for the present 
ignored. In terms of the model of the atom, this seems to mean 
that the greater part of the orbit of the series electron lies outside 


2-2 
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the orbits of the remaining electrons, the latter with the nucleus 
being commonly known as the ‘core’. In the region outside the 
core, the field of force is approximately central and so Kepler’s 
laws will be approximately obeyed. The actual deviation from 
this ideal is measured by the constant a, which is called the 
‘ quantum defect ’ . 

A further beauty of Eydberg’s formula is seen when v is plotted 
against m, as it is for lithium in the lower part of Fig. 3* 1 ; for the 
formula states that the shape and orientation of the curve is the 
same for all spectra, but the amount by which the origin is dis- 
placed varies from series to series, being determined by the two 
quantities Ti and a. Two lines suffice to determine Ti and a\ so 
that two lines make possible the calculation of the limit and all 
other hnes of the series. In order to simplify this calculation 
values of the function have been tabulated, and with 

them the differences for unit change of m. * Thus the two brightest 
principal lines of Lithium have wave-lengths of 6707*85 A. and 
3232*61 A.; the corresponding frequencies are 14903*8 cm.-^ and 
30925*9 cm.”^t ^.n interval of 16022*1 cm.-^ The table of 

values of Rl{m + a)^ shows that this interval is to be expected 
when a = 0*96, and that the succeeding intervals should be 
5522 cm.~^ and 2535 cm.“^ Accordingly the next lines should 
have frequencies of 36448 and 38983 cm.-i, values which show 
reasonable agreement with the observed values of 36468*1 and 
39012*7 cm.-i 

Unfortunately, though nearly all series obey Rydberg’s law 
approximately, very few fit with the high accuracy of spectro- 
scopic work, so that predictions which should be precise are only 
approximate. Many workers indeed have tried to improve on the 
formula by the addition of further terms, but though their 
results have been valuable in the work of extrapolation, they are 
complicated and have no theoretical significance. 

Accordingly, the modern spectroscopist seeks values of Ti and 

* See Appendix. 

■f The value of v is not precisely 10®/^, because 1 follow Fowler in giving the 
wave-length in air, and the wave-number in vacuo. The corrections to be 
applied are tabulated in his Report on Series in Line Spectra, 1922, 2 and 81. 




PLATE I 


la. Balmer series in hydrogen. As one passes from red to violet, the 
intensities decrease and the lines lie closer together. 

1 6. Three doublets of sodium. The difference which caused one series to 
be named ‘sharp’ and another ‘diffuse’ is here apparent; the lines at 
6161 A. are finer than those at 6688 A.; the self-reversal of the principal 
doublet at 6890 A. is also characteristic. The 6890 A. doublet is so easily 
excited that it appears in the iron arc, though sodium is there present only 
as an impurity. 

1 c. Doublet intervals of the alkalis. Comparison of the first diffuse doublet 
of sodium with the first principal doublets of potassium and rubidium 
shows how the interval increases with the atomic number. (Photograph 
by Col. E. H. Grove-Hills.) 

2. Series in lithium. In all series the lines lie nearer together and grow 
fainter as one passes from red to violet. 

3. Series in sodium. The doublets are not resolved. 

4. Triplet series in zinc. The fine lines of the sharp series contrast with the 
blurred lines of the diffuse; the lines decrease in intensity and converge to 
a limit as one passes into the ultra-violet. The principal series lies in the red. 

6. Triplet series in cadmium. The triplets are wider here than in zinc, so 
that they more frequently overlap. Zinc appears as an impurity in the 
cadmium spectrum, and cadmixim as an impurity in zinc. 

All the above photographs were lent by Profi A. Fowler. They have boon 
previously reproduced in his Series in Line Spectra. 
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a which render the deviations between Rydberg’s equation and 
the observed wave-lengths as small as possible.* Elnowing that 
all the lines of a series behave similarly in a magnetic field, he uses 
this as his touchstone to decide whether a given line belongs to a 
certain series. Some' series law is essential indeed if the limit and 
the ionisation potential are to be estimated, but the Rydberg 
formula helped out by empirical rules is accurate enough for this. 

2. Rydberg-Ritz combination principle 

The wave-number of a line of the sharp series may be written 

<®- 5 > 

Both these expressions show the wave-number as the difference of 
two terms, but they employ different notations. The equation on 
the left is the simple Rydberg formula, in which s has been sub- 
stituted for a to show that the variable term belongs to the sharp 
series. 

The fact that the lines of a series fit a Rydberg formula closely 
is of great value in analysis, but in theory the sequence to which 
a term belongs and its energy value are both more important than 
this closeness of fit. Accordingly, a notation which emphasises 
the sequence and ignores the series formula, as that on the right 
does, is to be preferred. Moreover in the equation 

V = S/ — mS 

the terms S/ and mS may be taken as the energies]* of the stationary 
states in which the electron ends and begins its j ump. Since these 
energies are measured down from the limit of the series, that is 
from a hypothetical term which should be written ooS, the 
positive term values represent negative energies, and numerically 
S/>mS. In the alkalis the brightest line of the sharp series is 
g^_ 2S, and the next brightest S/ — 3S. The greater m, the greater 
the energy of the atom but the smaller the term, so that the line 
S/ - 2S is of lower frequency than — 3S. 

* For some empirical rules, Russell, AJ^ 1927, 66 233. Fowler, A., Report 
Oil Herieft in Line Spectra., 1922, 31 f. 

I The purist will rightly object that energy cannot be measured in cm.”^; 
the terms should be multiplied by he. 
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Exactly analogous to the sharp series are the lines of the prin- 
cipal, difEuse and fundamental series, which are written 

v=P^ — mP, m^2, 
mD, m>3, 
v=F 2— mF, m^4. 

The name ‘fundamental’ was given to the last of these series 
because the terms have a very small quantum defect; early 
workers took this as showing a resemblance to the simple or 
‘fondamentar spectrum of hydrogen; unfortunately to-day the 
fact receives quite a different explanation and the series can be 
regarded as fundamental in no physical sense; on the continent 
the series is named after Bergmann, but as the symbol F is 
everywhere accepted, a change of nomenclature seems hardly 
justified. 

In the pragmatic spirit which seeks to eliminate all useless 
theory, the spectroscopist commonly uses the effective quantum 
number defined by the relation 

T = Itln*^ (3-4) 

where T is any term such as mP or P^ . This makes W* equal to the 
(m-l-a) of the Eydberg equation, and the notation is useful in 
that m and a cannot be separated by experiment. Thus in Fig. 3-2 


m 

Sharp 

Principal 

Diffuse 

Fundamental 

1 

1*59 




2 

2-60 

1-96 



3 

3-60 

2-96 

3-00 


4 

4-60 

3-95 

4-00 

4-00 

5 

5-60 

4-95 

5-00 

5-00 

6 

6-60 

5*95 

6-00 

C-00 


m 

Sharp 

Principal 

Diffuse 

Fundamental 

j=i 

11 

1 

1*87 





2 

2*92 

2-33 

2*36 



3 

3*93 

3-37 

3-41 

2-55 


4 

4-94 

4-39 

4-42 

3-54 

3-98 

5 

5-94 

5-40 

5-43 

4-53 

4-98 


Fig. 3*2. Effective quantum numbers of lithium (above) and caesium (below). 
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are given the values of the effective quantum number of the 
terms of the four lithium series, and on the left are set the values 
of m allotted by Paschen and Gotze. 

The allotment of the serial number caused considerable worry 
to early workers. It may be chosen so that a is always numerically 
less than half, or so that a is always negative, or again so that the 
lowest terms of the four sequences are IS, 2P, 3D and 4F. Each 
has its peculiar advantage, but the third, favoured by Paschen 
and Gotze, will be followed here, though even it will be subject to 
certain exceptions to be pointed out from time to time. The 
Paschen and Gotze notation at least marks out the lowest terms, 
and does not usually involve large values of the quantum defect; 
in lithium, for example, a assumes the values of 0-60, — 0*04, 0 and 
0 in the four term sequences. The values of m will be seen later 
to vary uniformly with the values of the chief quantum number 
n, the two differing by a constant value in any one sequence. 

A further simplification is still possible. The limit of the sharp 
series is identical with the lowest term of the P sequence which 
we have agreed to write 2P; that is S^= 2P. And similarly experi- 
ment shows that D;= 2P and F^=3D, while P^ coincides with a 
term extrapolated from the sharp sequence and written accord- 
ingly IS. Thus the series may be revised to read: 


Principal series: 
Sharp series: 

Diffuse series: 
Fundamental series: 


IS -mP or mP 
2P-mS or mS 
2P-mD or ml) 
3D-mF or mF 


> IS, m= 2, 3, ..., 
>2P, m=2, 3, ..., 

->2P, m=3, 4, ..., 

->3D, m = 4, 5, .... 


These are very important, for the formulae hold not only in 
lithium and the other alkalis, but in all simple spectra. The first 
line of the sharp series might be 2P-1S, but in the alkalis the IS 
term is always greater than the 2P; or in words, the atom is more 
staV)le in the IS than in the 2P state. Of the alternative notations, 
iS-mP is part of an ec| nation from which the left-hand side v 
has been omitted; while in IS the higher level is jdaced on 

the left and the lower on the right, the arrow showing the direc- 
tion of the transition; in absorption the same line would be 
written mP<- IS. 
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In all simple spectra terms are customarily measured from the 
limit of a sequence; this is reasonable when the ground term lies 
so deep that all its combinations lie in the far ultra-violet; but 
elsewhere the practice is to be deplored, because the series limit 
obtained by the extrapolation of a sequence is necessarily less 
accurate than the term differences obtained direct from the wave- 
lengths. In recent analyses of complex spectra the terms are 
usually measured up from the ground term, and when this is done 
the mP-^ IS notation is preferable to IS-mP. As moreover the 
arrow notation is now standard in molecular spectra, it will be 
adopted hereafter, and term symbols will be taken to denote 
energies measured up from some arbitrary zero. 

The identity of the series limits with certain terms introduces 
the first evidence of the 'combination principle’, which states 
that the wave-number v of any line may be written as the differ- 
ence of two terms, v = T" — T' 

For this principle developed by Rydberg and Ritz* is of value 
only if the number of terms postulated is less than the number of 
lines observed. 

All the evidence goes to show that the combination principle 
is precise, as indeed it must be if energy is to be conserved, and so 
in compiling lists of standard wave-lengths in a region difficult to 
photograph, such as the infra-red, the value calculated from 
the difference of two visible lines is often preferred to direct 
measurement. 

The series of hthium may be well represented by the scheme of 
atomic levels shown in Fig. 3*3. The energy levels might be repre- 
sented by horizontal fines stretching right across the page, but to 
simplify the diagram the levels belonging to different sequences 
are arranged on different verticals. The broken diagonals repre- 
sent the combinations which have been observed, and in the 
break is inserted the wave-length of the resulting line. The 
thickness of the diagonal is roughly proportional to the intensity 
of the fine. 

AUbutone ofthe fines shown in Fig. 3*3belong to the four series 

* Rydberg, AJ, 1896, 4 91; Ritz, PZ, 1908, 9 621; Ritz, AJ, 1908, 28 237. 
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discussed, for in the alkaK spectra all the brighter lines belong to 
these series, though other combinations do occur. In the simple 
theory of hydrogen, every level may combine with every other 
level, but this is not true in other spectra; rather do we observe 
that an S term combines only with a P term, a P term only with 
an S or D term, and a D term only with a P or F term ; or in general 
that when the sequences are arranged in the order S, P, D, F, G, . . . 
a given term combines only with the sequences on either side of it. 

This selection rule has been explained in terms of an extended 
atomic model. The motion of an electron in its orbit is only fully 
determined when both the energy and the angular momentum 
are specified, and parallel to this, to fix the shape of an ellipse one 
must know besides the major axis, the minor axis, eccentricity or 
the latus rectum. In the hydrogen atom indeed, the energy 
depends only on the major axis, but in a heavier atom it will 
remain independent of the shape of the ellipse only if two con- 
ditions are satisfied; first the fiield must be everywhere central, 
and secondly the mass of the electron must remain sensibly 
constant; of these one is not satisfied if other electrons are present, 
and the other fails in heavy atoms because of the relativistic 
change of mass with velocity. Accordingly, the electron describes 
a rosette, a form of motion best described by saying that the 
electron still mbves in an ellipse, but the axis of the ellipse itself 
rotates (Pig. 3*4). 

The energy of the system thus comes to depend on the eccen- 
tricity of the ellipse, and this must be limited to certain values by 
quantum conditions. The precise rules to be applied are not at 
once clear, hut as the angular momentum hke the energy is in- 
variable, it is a natural choice, and a second quantum number I is 
introduced to specify this, the unit being A/27r. Symbolically, 
then, we guess , 

= (3-5) 

where 1 is known as the orbital vector, and I is integral. The vector 
is conceived as perpendicular to the plane of the orbit. 

To justify this guess is not easy; sufficient here to note that the 
quantum mechanics leads to the same result, and to point out one 
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or two simple consequences. Using the correspondence principle, 
Bohr showed that if the model is correct, then in any jump I can 
change only by unity; that is AZ= + 1. Clearly the four simple 
series are in accord with this selection rule, if terms of the S 
sequence have Z = 0, and the P, D and P terms have I values of 1, 
2 and 3, respectively. This selection rule allows however other 
lines, and in fact series such as the mS-^3P and mD->3P found 
in lithium do conform. Occasionally it is true lines are found 



Fig. ;^-4. Orbit of an electron, which penetrates within the core. 


which violate the selection rule, the 3P->2P line of lithium for 
example; but such lines tend to occur only in an electric field 
and even then they are weak. A more interesting exception is 
the mD-> IS series, which has been observed when the arc is first 
struck and before the normal spectrum has had time to develop;* 
modern theory regards this series as an example of quadripole 
radiation, aud links it with certain forbidden nebular lines. 

The model has the further merit of co-ordinating some other 
observations. As the major axis of an elliptical orbit depends only 

* Slliruni, Oarti'T and Fowlor, H. W., PJf, 1927, 3 27; (Irotrian, Graphische 
Darstdlung der SpeMren, 1928, 1 54, and Chapter xxi of this book. 
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on the energy, so a simple analysis shows that the latus rectum 
depends only on the angular momentum; indeed the expressions 


for the two lengths are similar, for as the major axis is 


72 = I 


/=0 




Scale 1*06 10^ cm. 

Fig. 3*5. Electron orbits of a hydrogen atom drawn to scale. 


so the latus rectum is 


cliR 


IK 


Moreover, the minor axis, 26, of an 


ellipse is the geometric mean of the major axis, 2a, and the latus 
rectum, so that ~ — The orbits permitted by the two quantum 


conditions are drawn tp scale in Fig. 3-5; this shows that of orbits 
having the sam^ yalde of n, those pass nearer to the nucleus 
which have the smaller orbital vector. Now the deviation from 
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simple theory will presumably be greater when the valency 
electron penetrates more deeply into the core; it will be greater 
in an S orbit than in a P.* This deviation is measured roughly by 
the quantum defect, a, which in Kthium, as in most other spectra, 
decreases as I increases. In fact the quantum defect is almost zero 
in the D and P terms, so that these orbits must approximate to 
those of hydrogen. Again, the deviation and the quantum defect 
will presumably increase as the atomic number and the size of 
the core increase. And in agreement Fig. 3-2 shows that the 
quantum defects of caesium are much larger than those of 
lithium. 

The very simplicity of the vector model is repugnant to the 
principles of the wave mechanics, for the position of an electron 
at any time and its velocity cannot both be accurately deter- 
mined; but this model does in fact serve to co-ordinate many 
experimental facts, and provides in addition a simple picture 
of what is happening, a picture which can hardly fail to help 
those who cannot face the mathematical analysis. And if we 
find it hard to picture the electron passing through the nucleus as 
it does in the model when I is 0, we can at least remember that 
we expect two wave-trains to cross. f 

3. Doublet series 

The spectroscopic series have been introduced by considering 
a singlet spectrum; but as the true singlet system of the alkaline 
earths occurs in conjunction with a triplet system, the doublet 
system of lithium has been used with sufficiently low resolution. 
Theory leaves no doubt that the lines of lithium are doublets like 
those of the other alkalis, but the separation is so small that 
experiment has failed to resolve more than a few of them. The 
separation of two doublet levels varies roughly as the square of 
the atomic number, so that a separation which is small in sodium 
will be much larger in caesium. The facts, which are summarised 
below, are beautifully explained by the assumption that the P, D 

* For an admirablo discussion of ‘penetrating’ and ‘ non-ponotrating ’ orbits, 
see Riiark and Urey, Atorns^ moleade-fs awl quanlu, F,)30, 107. 

I Darwin, C. G., in New coiicapiions of matter, 1031, gives a delightfully 
lucid discussion. 
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and F levels are double while the S level in the alkalis, as in all 
spectra, remains single. 

Since some atoms, though not the alkalis, are capable of emit- 


Principal series Sharp series 



Pig. 3*6. Doublet structure of caesium. The principal, sharp and diffuse series 
are all drawn with the same frequency scale, the intervals being shown below in 
cm. ^ The relative intensities of the components of each doublet are shown 
roughly by the widths of the lines, and more accurately by numbers set beside 
the first doublet of each series. 

ting two systems of Hues having different multiplicities, it is con- 
venient to denote the system to which a term belongs by a small 
prefix placed at the top of the term symbol; thus the doublet, 
S, P and D terms are written ^S, ap and ^D. Further, to dis- 
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tinguish the two P, D and P levels, we add a sufi&x and write 
and ^Pij , and • The reason why the suffixes 

are not always written 1 and 2 will appear later; for the present 
the notation put forward may be regarded as a harmless idio- 
syncrasy of the author. 

The actual appearance of the doublets in the four series, 
summarised by Fowler in his Report on Line Spectra, are set out 
below and are illustrated in Pig. 3*6. 

A. In the sharp series the less refrangible components of 
the pairs are the stronger and the separation of the components, 
when expressed in wave-numbers, is constant. Reverting to 
Rydberg’s formula, these series must have the same value of a 
but different values of Ti ; the separation of the hmits will be the 
separation of each doublet. 

B . In the principal series the more refrangible components 
of the pairs are the stronger. The first pair has the same separation 
as that of the sharp series, but the components approach each 
other as the serial number increases and the two series have the 
same limit. Reverting again to Rydberg’s formula, these two 
series will have the same value of Ti, but different values of the 
quantum defect a. 

C. The DIFFUSE series was at first thought to be governed by 
the rules already given for the sharp series, the separation of the 
doublets being the same in both series; but more accurate work 
has shown that the less refrangible line of the pair has a faint 
companion or ‘satelhte’. While the brighter component is dis- 
placed from its previously accepted position, the satellite obeys 
the law of constant separation. The chief line lies on the more 
refrangible side of the satellite and approaches it as the serial 
nuinber increases, the common limit being identical with that of 
the less refrangible line of the sharp series. 

In days gone by the satellite was thought to be a blot on the 
fair regularity of the doublet system; perhaps indeed it was only 
a hanger on, not a true member of the court; and in so far as the 
word ‘satellite’ conveys this impression it is misleading, for 
to-day the ‘satellite’ is recognised to be as much a component of 
the multiplet as the other two lines; it differs only in being fainter. 
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D. The EUND AMBISTTAL seiies was formerly thought to con- 
sist of single lines, but the work which showed the presence of 
a satellite in the diffuse series, showed also that the fundamental 
series consists of doublets with a constant separation equal to 
that of the satellite and the chief line in the first diffuse pair. 

From these facts certain consequences quite clearly follow. 
Thus if the sharp doublets have a constant interval, the term 
must be double, while the term varying as it does from doublet 
to doublet must be single. In the principal series on the other 
hand the intervals decrease, and accordingly the interval 
often abbreviated to or even A^P, must 

decrease as the serial number increases. Further the interval of 
the P terms is in general greater than that of the D terms, and the 
latter in turn greater than that of the F terms. 

In symbols the doublets of the sharp series thus appear as 

m2S^^22p^J 

with a constant separation of 2^Pi^ — 2^P^; while the principal 
series doublets appear as 

the two fines approaching one another as m increases and having 
the same limit (Fig. 3*7). 

4. The spinning electron 

The theory thus far outlined accounts both for a number of 
series, each having a characteristic value of Z, and a number of 
terms in each series, the terms being determined by n. But it does 
not explain how these levels split into two or more components ; 
to fill this gap Uhlenbeck and Goudsmit* suggested in 1925 that 
the electron itself may be supposed to spin with an angular 
momentum s, s being measured in the usual units A/ 27 t and being 
numerically equal to The angular momentum of the electron 
may then be represented in magnitude and direction by a vector s, 

* Uhlenbeck and Goudsmit, Nw, 1925, 13 953; N, 1926, 117 264. 




Fig. 3*7. Level diagram of sodium. Contrast this diagram with lithium 
(Fig. 3-3), in which not even the I* levels are resolved, and with caesium (Fig. 
3*15), in which the P, J) and F levels all show doublet structure. After Grotrian, 
Graphische Darslellung der Speklren. 
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which must combine with the angular momentum 1 of the electron 
in its orbit to give a resultant J ; J is the total angular momentum 
of the active electron and so like 1 and s it must be quantised ; 

Ji 

numerically it is equal to J — , J has sometimes been called the 

27r 

inner quantum number, but " electronic angular momentum ’ seems 
a more accurate description in the light of modern theory.* 

In the simple alkali spectra there is only one electron outside 
the core, so that J can have only two values (Z + ^-) and (Z — !■), and 
the spin moment s must be parallel or anti -parallel to the orbital 
moment 1. 



Fig. 3*8. Terms of a doublet spectrum; the arrows show the transitions ob- 
served. 

Clearly then if Z assumes integral values 0, 1, 2, J must be 
assigned half odd-integral values, 1-|, 2J-, ...; and the term 
scheme which results is that shown in Fig. 3*8. The suffix here 
shown is simply J , as recommended by H. N. Russell after con- 
sultation with a large group of spectroscopists'l’, but a few prefer 
to write instead (e/ 4- and so to avoid the which is a trouble in 
printing; is then written . 

As in any transition changes in Z are restricted by the con- 
dition AZ= ± 1, so changes in J are restricted by the analogous 
condition A J = 0 or ± 1 ; and there are even fewer exceptions to 
the second rule than to the first. 

* Goudsmit, PR, 1931, 37 1501. 
t Russell, Shenstone and Turner, PR, 1929, 33 900. 
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Thus the three lines which should appear in the diffuse series 
of the alkalis are 

^ 2 I constant separation] 

^ J I identified as < y 

m 2 D 2 j -> 2 J common limit J 

These formulae show that the lines of the first two series will have 
a constant separation equal to while the second 

and third lines will, approach one another as the serial number 
increases and will have a common limit 2 ^P^^ . 

These two facts suffice to match the lines of theory with the 
empirical lines, called a, jS, y in Fig. 3-6. The line which shares in 
the constant separation and the common limit is m ^Pi^ , 

which may therefore be identified as y; and the other two lines 
follow. Moreover, this identification is easily confirmed by com- 
paring the intervals of the first line of the diffuse series with the 
constant intervals of the sharp and fundamental series. 

Now in caesium oc is of higher frequency than y, so that ^P^ 
represents a state of less energy than ^P^^ ; and as the symbols 
are taken to denote atomic energies, ^P^ < ^P^^ . Similarly since 
^ is of higher frequency than y, . 

This arrangement with the component of greater J representing 
the greater energy is of very common occurrence in the alkalis, 
and is often referred to as ‘regular’; but the description is not 
satisfactory, since in many elements the order is reversed. To 
avoid confusion, therefore, the doublet term of the alkalis will be 
described as ‘erect’, while when the component with the greater 
J has less energy, the term will be described as ‘inverted’. 

Applying this rule to the sharp series, the lines m^S.^->22Pj 
will be of greater frequency and shorter wave-length than the 
lines m2S^->22p^j; while in the principal series the lines 
m ‘-^Pj 1 will have the longer wave-length. The truth of these 

statements can, however, be tested only when the intensity rules 
have been reviewed. 

5. Sommerfeld’s intensity rule 

Not only the relative wave-length, but even the relative in- 
tensities of the lines of a multiplet may be deduced from the L 


3-2 
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and J values of tke levels concerned.* Sommerfeld has shown on 
the basis of the correspondence principle that the strongest lines 
occur when both L and J change in the same sense; these are 
sometimes referred to as the ‘chief lines’. Weaker lines or ‘satel- 
lites of the first order ’ occur when A J = 0; while the weakest lines 
of all, ‘satellites of the second order’, result when L and J change 



Fig. 3-9. Fig. 3-10. 


Fig. 3*9. Transitions producing a doublet of the sharp series. The arrows are so 
spaced as to give the lines their proper positions in the frequency scale. The 
numbers beside the lines show the relative intensities. 

Fig. 3T0. A doublet of the principal series. The intervals shown are those of 
the D 1 D 2 doublet of sodium; they indicate the distortion introduced into this 
type of diagram. 

in opposite senses. In a table of terms, such as that shown in 
Kg. 3-8, the three degrees of intensity correspond to the three 
directions in which the arrow may run; the sense of the arrow is 
of no account. 

This work has been developed by other workers so that relative 
intensities of the components of a multiplet can be predicted, but 
the work involves heavy mathematics and Sommerfeld’s rule is 

* Por the present i and 5 may be taken as identical with the quantities 
previously written I and 5 . 
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sufficient to justify certain predictions. In the sharp series, for 
instance, the line m 2 with the lower frequency will be 
the stronger (Pig. 3*9) ; while in ttie principal series m ^P^^ 1 

will be the stronger, but this time the P term lies above the S term 
and accordingly it has a higher frequency than the other com- 
ponent m 2p^ -> 1 (Pig. 3* 10). 



Fig. 3-11. Fig. 3-12. Fig. 3-13. 

Fig. 3*11, Diffuse series doublet. 

Fig. 3’ 12, Fundamental doublet; D term erect and F inverted. 

Fig. 3*13. Fundamental doublet; both terms erect. 

In the diffuse doublet the P levels have a greater interval than 
the D levels, so that where both terms are erect the relative 
position of the three lines will be that shown in Pig. 3*11; the in- 
tensity rule indicates the weakness of the satellite, but, unlike 
the more precise theory, it does not indicate what the relative 
intensity will be, nor even which of the chief lines is the stronger. 

Theory suggests that the fundamental doublet like the diffuse 
doublet consists of three lines, but actually the two P levels are 
so close together that they have been resolved only in caesium 
(Pigs. 3*14, 3*15); and in caesium the satellite lies not on the less 
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refrangible side of tbe two chief lines but between them.* This 
maybe taken to prove that the F levels of caesium are inverted, as 
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shown in Fig. 3- 12, for if both terms were erect the lines would be 
arranged like the diffuse doublet (Fig. 3-13). 

* Meissner, AP, 1921, 65 378. 
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Tor a long time this F term of caesium was the only alkali term 
known to he inverted, but recently Ferschmin and Frisch* have 
resolved the lines of sodium and potassium and shown 

that the D term of these elements is also inverted. 

6. Fine structure of hydrogen and helium lines 

Both the hydrogen atom and the helium ion consist of a single 
electron revolving about a charged nucleus, and so their spectra 
should consist of doublets, if the allcali doublets have been cor- 
rectly explained; for the theory depends not at all on the structure 
of the core, but attributes the doublet term to the spin of the 
electron. 

When Uhlenbeck and Goudsmit pointed this out in 1925, the 
fine structure of the Balmer lines had already been observed and 
explained by Sommerfeld as due to a relativistic change of mass 
with velocity. To obtain an experimental distinction between the 
two theories is not easy, for the splitting of the lines is very small, 
but what evidence has been obtained certainly favours the theory 
of electron spin, and as this fits in with the accepted explanation 
of multiplicity and the periodic system Sommerfeld’s theory will 
not be further considered. This omission is the more excusable in 
that the two theories have already been very fully compared by 
Grotrian.t 

Whereas in the spectra of the alkalis the separation of two terms 
having the same chief quantum number but belonging to different 
series, is much greater than the separation of the two terms of a 
doublet, in hydrogen the two are of the same order of magnitude ; 
indeed Heisenberg and Jordan J have used the quantum mechanics 
to calculate the energy levels, and have shown that two levels 
having the same values of and J coincide, even though the values 
of I are different, so that = • Further, the separations of 

terms having the same chief quantum number are very small, 
always less than 0*4 cm.~^ in fact; so the series characteristic of 
the alkalis do not attract attention, though the states of the 

* Perchmin and Prisch, ZP, 1929, 53 326. Por Rbi, Ramb, AP, 1931, 10 
311. Meissner and Masaki, AP^ 1931, 10 325. 

t Grotrian, Qraphische Darstellung der Spektren, 1928, 1 17f. 

t Heisenberg and Jordan, ZP, 1926, 37 263. 
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electron are still determined by ti, Z and J, and the same term 
scheme is therefore valid. 

These predictions have been experimentally tested only on 
three Balmer lines in the visible spectrum 13.^, and Hy. Of 
these 3 corresponding to the transition = 3 -> = 2, is shown 
diagrammaticallyinPig. 3-17. On the left of the levels in this figure 
is set the modern doublet notation and on the right an earlier 
notation used by Sommerfeld. Five transitions are allowed, but 
of these two are so much stronger than the other three that 
was long considered to be a doublet. The size of this doublet has 
been measured three times, and all workers agree on a value of 
about 0-318 cm."^ or 0-010 cm.“^ less than the theoretical value of 
0*328 cm.“i (Fig. 3-16). 


Line 

Av theory 
cm.-i 

Av observed. 
Hansen‘S 

Ap observed. 
Houston^ 

Ap observed. 
Kent, Taylor 
and Pearson<5 

H. 

0*328 

0-316 

0*315 

0*318 

< 

0*349 

0-317 

0*331 

0*335 

0*357 

0-328 

0*353 

0*354 


Fig. 3*16. Doublet separations of three Balmer lines. The theoretical interval 
is the separation of the two strongest components; the observed interval is that 
of the empirical doublet. 

a Hansen, HP, 1925, 78 558. 

Houston, AJ, 1926, 64 81. 

® Kent, Taylor, L. B. and Pearson, PE, 1927, 30 266. 

Recognising that this discrepancy was greater than the prob- 
able error, Hansen examined the photometric curve reproduced 
in Fig. 3*18 and showed that the observed intensity distribution 
could be explained by the addition of three curves, each having 
the form of an error-curve e"^^. He chose the intensities, positions 
and half- value breadth of the components so as to obtain agree- 
ment with the empirical curve at the two maxima and at the 
position, of a third component. A certain additional correction 
is really needed because the Lummer plate used to obtain the 
photographs always broadens the base of the curve, but even 
ignoring this, the agreement is as good as can be expected. 
Particularly satisfactory is Hansen’s measurement of the separa- 
tion of the two chief components as 0-326 cm.-^, which is nowin 
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Fig. 3*17. Theoretical structure of the first two lines of the Balmer series, 
Ha and 



Fig. 3*18. Intensity distribution in Ha after Hansen, AP, 1925, 78 658. The 
heavy line is a microphotometer trace. The light curves are the three error 
curves which Hansen chose so as to obtain agreement, at the two maxima and at 
the position of a third component. The lower dotted curves show the broaden- 
ing of the theoretical curves, which the Lummer plate used would produce ; the 
upper dotted curve is obtained by summing the lower curves. 
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satisfactory agreement with theory. The only outstanding diffi- 
culty is that theory would make the long w^ave-length component 
la the stronger of the two strong lines, while Hansen’s measure- 
ments show it as the weaker. Sommerfeld’s theory, though 
agreeing with experiment in every other point, cannot account 
for the He component or for any component lying between the 
bright pair II 6 and la. 

In passing from to the separation of levels I and II 
remains unchanged, but a, b and c approach one another so that 
the observed separation of the apparent doublet II 6 and la will 
increase; this is shown quite clearly in Fig. 3-17, and is confirmed 
by the measurements recorded in Fig. 3*16. This change is 
carried a step further in Hy, and again experimental con- 
firmation is satisfactory. 

Probably this agreement would have satisfied physicists for 
many years to come, had not heavy hydrogen been discovered. This 
led, however, to renewed investigation for two reasons ; first the 
separation of the line of H^ and offers an accurate method 
of comparing the masses of the electron and atom* ; and second 
one naturally asks whether the structure of the two lines is 
identical. It seems they are; but while confirming this point, 
Spedding, Shane and Gracef confirmed Hansen’s statement that 
the intensities do not agree with theory ; whereas the intensities 
of the three strongest components should be in the ratio of 
9-00 : 7-08 : M3, they are in the ratio of 6-86 : 7*08 : 1*78, the 
second line being taken as standard. The deviations can be ex- 
plained qualitatively if the 3 level carries less atoms than it 
would do in the thermodynamic equilibrium postulated by theory. 

As the theoretical predictions of Uhlenbeck and Goudsmit have 
been confirmed by measurements on the hydrogen lines, so also 
they explain the structure of the 4686 A. line of ionised helium. 
It is the first line of the Fowler series and corresponds to the 
transition n = 4:~^n = 3, consequently the fine structure should be 

* Shane and Spedding, PR, 1935, 47 ^3. 

f Spedding, Shane and Grace, PR, 1935, 47 38. C-f. Houston and Hsieh, 
PR, 1934, 45 263. Williams and Gibbs, PR, 1934, 45 475. Those papers are 
not in entire agreement. 
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that shown in the Grotrian diagram of Fig. 3* 19. The separations 
of this figure and the intensities calculated by Sommerfeld and 
Unsold,* agree with Paschen’sf photometric curve (Fig. 3-21). 



Fig. 3*21. Microphotometer curve of the 4686 A. line of He ii after Paschen, 
AP, 1927, 82 689. 

As in hydrogen so also in ionised helium the older theory of 
Sommerfeld succeeds marvellously well almost to the end, but it 
cannot account for the llld component and gives the relative 
intensities of the two strong components wrong. 
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THE ALKALINE EARTHS 
1> Arc and spark spectra 

The lines of a spectrum cannot be usefully ordered into series until 
any that are due to transitions in the ionised atom have been 
separated from those arising in the normal atom. This point may 
be legitimately ignored in considering the alkalis because the 
spectra of the alkali ions are so difficult to excite that there is 
little confusion; in the alkaline earth spectra, however, many 
ionic lines are almost as easily produced as lines of the normal 
atom, so that both occur side by side on the same photograph, and 
can only be separated when spectra excited under different 
conditions have been photographed and compared. 

Lines due to the normal atom are in general easier to excite, and 
so they appear relatively strong when atoms are slightly dis- 
turbed as they are in an arc. On the other hand when atoms are 
roughly handled in an electric spark, very many lose an electron 
and any further transitions which occur must be between different 
states of the ion. Typically therefore the arc spectrum will show 
the lines of the normal atom strongly marked, while the spark 
will bring out or ‘ enhance ’ lines due to the ion ; and so the former 
are commonly referred to as ‘ arc lines ’ and the latter as ‘ spark 
lines ’, while hnes due to an atom which has lost two electrons are 
sometimes said to belong to the "second spark spectrum ’. 

There are other ways in which the two spectra may be 
separated. Thus King has measured the intensities of lines in an 
oven maintained at a steady temperature, and repeating the work 
for other temperatures has found how the intensities vary ; 
typically spark lines develop only at higher temperatures . Or again 
potassium may be added to the furnace, for being easily ionised 
it depresses the ionisation of the substance under examination, 
according to the chemical law of mass action, and so diminishes 
the intensity of any lines due to the ion. In an arc too lines due to 




PLATE II 


1. Arc and spark spectra of calcium compared. The term written above 
each line is the first term of the transition. The doublet lines which arise 
in the calcium ion are brighter in the spark spectrum, but the singlet and 
triplet lines which arise in the normal atom are brighter in the arc. The 
shorter lines in the spark spectrum are due to nitrogen and oxygen. 

2. A fundamental triplet of barium, showing how diffuse are the lines of 
the arc in air, and the fine structure of these lines when seen in the electric 
furnace at low pressure. (A. S. King, Mount Wilson Observatory.) 

3. Multiplets in scandium. Whereas the doublet lines which arise in the 
normal atom stretch right across the spectrxim, the triplet lines which arise 
in the ion are brighter near the positive pole of the arc. The band down the 
centre is an iron arc used for calibration. The lines shown stretch from 
3075 A. on the left to 2981 A. on the right. A cross denotes a singlet line. 

4. Mxiltiplets in scandium. The h a multiplet stretches from 51 0 1 A. 
to 5064 A., while the singlet line is 5031 A. The grouping of the strong lines 
arising in J J transitions is characteristic of an L -> L multiplet. 

(Figs. 1 and 2 were lent by Prof. A. Fowler. Figs. 3 and 4 by Dr W. F. 
Meggers.) 
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an ion will appear particularly strong near the negative electrode, 
whither the positive ions are drawn. 

The result is a large number of lines all arising from a definite 
atom in a definite state of ionisation. This is the rock on which 
any theory is founded. 

2. Two systems. The singlets 

The spectra of the different elements of the second column of 
the periodic table resemble one another as did the spectra of the 
alkah metals. Each spectrum consists of a system of singlets and 
a system of triplets, and the separations of the latter increase 
roughly as the square of the atomic number (Fig. 4*1). 

In each system there are found four series which are again 
known as principal, sharp, diffuse and fundamental; the sharp 
and diffuse series still have the same limit; and there can be no 
doubt that in the four term sequences, the orbital quantum 
number L has the values 0, 1, 2 and 3, for the S terms combine 
only with the P terms as before, while P, D and F terms combine 
■with the two sequences allowed by the selection rule AL= ± 1. 
Thus the old series formulae are still valid, and there is only one 
important difference, the triplet lines most easily obtained in 
absorption belong not to the principal but to the sharp and diffuse 
series. 

The doublets of the alkalis were explained by endowing the 
electron with an angular momentum of i-; so to account for the 
two systems of the alkaline earths with as few new assumptions as 
possible, assume that each electron still has a spin moment of \\ 
then if these angular momenta s^, combine to a resultant S, 
and this resultant is itself subject to quantum conditions, the 
only possible values for S are 0 or 1 in units A/27t. Each electron 
will also have an angular momentum 1 due to its motion in its 
orbit, but in the simple spectra here considered one of the two 
electrons has Z = 0, so that the resultant orbital vector L is iden- 
tical with the electronic orbital vector 1 of the one active electron. 

In the notation here adopted electronic quantities are written 
in small letters, and atomic quantities in capitals. In the discus- 
sion of the alkalis it is true that 1 and s were used where L and S 
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might have been written, but where only one electron is active 
small letters and capitals are synonymous. 

The atomic spin vector S combines with the orbital vector L 
of the single excited electron, so that L -i- S = J and if the arith- 
metical value of J is then J will be determined by the 

2-77 

condition \L^8\^J>\L-8\, 

where this is understood to mean that J assumes the two ter- 
minal values and a series of intermediate values differing by 
unity. 
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Pig. 4-2. Terms of a singlet Pig. 4:-3. Terms of a triplet 

spectrum. spectrum. 

Thus when /S = 0, J = L, and the possible terms are shown in 
Tig. 4*2 ; this is the singlet system. 

When jS = 1 , howerer, / = (L - 1 ), L, or (L + 1) provided Ir > 1 ; 
bnt when L = 0 , since J must be positive, it can only have the 
value 1. The resulting scheme of terms is shown in Fig. 4' 3, and 
represents the triplet system. 

The singlet system is so simple that the Grotrian diagram of 
Fig. 4*4 is really sufficient description, but the allotment of the 
serial numbers deserves a word of explanation. In lithium the 
lowest terms of the four seq^uences were written IS, 2P, 3D and 
4P, and this convention will be retained, even though the deepest 
D terms of the singlet system of calcium lies below the deepest P 
terms and has an effective quantum number of 2 ; this term is 
therefore called 3 ^D. 

3. The triplet system 

In discussing the doublets of the alkalis their appearance was 
first described, and certain rules were then developed to account 
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Eig. 4*4. Level diagram showing the singlet system of calcium. After Grotrian, 
Oraphische Darstellung der Spektren. 
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for their structure. In the alkaline earths the procedure will be 
reversed; the rules developed will be applied to predict the 
structure and this will then be compared with experiment. 

The rules do not serve to determine the relative term values, 
so these must first be given. The effective quantum numbers of 
the triplets of calcium are shown in Fig. 4- 6 together with the 
corresponding serial numbers. 
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Pig. 4-6. Effective quantum numbers of calcium. 


The lowest term has n* = 1*95 and yet we write consistently 
with the above plan m = 3. On the other hand, we are apparently 
inconsistent in writing w = 2 in the deepest term ; yet this 
notation is to be desired because it avoids an apparent exception 
to the rule, which states that the triplet term always hes slightly 
deeper than the corresponding singlet term; later, too, Pauli s 
exclusion principle wifi, be seen to give theoretical ground for the 
hypothesis that the 1 term is missing in alkaline earth spectra. 

The Grotrian diagrams of calcium and mercury are shown in 
Figs. 4-4, 6 and 4-7. The ground state of the atom is 1 but the 
deepest of the triplet states is 2 »P, which accounts for the appear- 
ance of the sharp and diffuse series in absorption. 

The terms are erect, so that a typical triplet of the principal 
series will consist of three lines: 

Brightest Highest v Shortest X 

to3P,->2*Si 

m®Po->2®Si Faintest Lowest v- Longest A 

Thus intensity decreases with increasing wave-length. This is 
shown diagrammatically in Fig. 4- 8, where the relative intensities 
are written alongside the lines. The separation decreases as the 

4-2 
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serial nmnber increases and all three series have the same limit. 
In calcium experiment has revealed only the first term of this 
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Fig. 4-7. Level diagram of mercury. After Grotrian, Oraphische Darstellung der 
Spektren. 
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The triplets of the sharp series also consist of three lines: 
m -> 2 Brightest Lowest v Longest A 

m®Si->2^PQ Faintest Highest v Shortest A 

but this time they decrease in intensity with decreasing wave- 
length (Fig. 4*9). Further the intervals of these triplets are 
independent of the serial number. 

The interval ^Pg— ^P^is roughly twice the interval ^P^— ^Pq- 
This is a first example of Land6’s interval rule which will be 
discussed later. 

Diffuse triplets are more complicated, for they consist of six 
lines: 



Intensities 
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Chief line 

Shortest A 

|■m®D2->2®pJ 

45 

Chief line 


lm®Di-^2®Pi 
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84 
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|m®D2->'2®P2 

15 
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(m®Di-^2®P2 
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Sat. of 2nd order 

Longest A 


written here in order of increasing wave-length, an order which is 
easily obtained since the separation of the D levels is much smaller 
than that of the P levels (Fig. 4*10). The brackets on the left show 
the lines which coalesce when the D levels are not resolved. The 
intensities are those predicted by a later theory and supported by 
experiment; they agree too with Sommerfeld’s cruder predictions. 

A closer examination of these line formulae will bring out cer- 
tain other relations, known empirically long before the vector 
model was even adumbrated. First, the separation of the lines 
w^^Dl->2®Pl and m®Di-> 2 ®P 2 is equal to that of the lines 

^Dg 2 ^Pj^ and m 2 ^Pg , and both are independent of the 

serial number. Secondly, the separation of the lines m -> 2 ^P^ 
and m®Di->23Pi is also independent of m. And thirdly, the 
separation of the lines m -> 2 ^P^^ and ^P^ is equal to 

that of the ^i^d but the separation 

decreases as the serial number increases. 
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Fig. 4*8. 



Fig. 4-9. 


m^D, 


2 'Pi 


2'Pr 

2'Po 


I3EIIEIZ 

V ^ 

Fig. 4*10. 

Fig. 4-8. Transitions producing a triplet of the principal series. The verticals 
are spaced so that the lines occupy their proper positions in the frequency scale ; 
the numbers beside the lines show the relative intensities. 

Fig. 4-9. A triplet of the sharp series. 

Fig. 4- 10. A diffuse triplet. 
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These facts are illustrated by the wave-lengths of three triplets 
of calcium all shown diagrammatically on a uniform scale of 
frequency (Fig. 4-11); while one of the three is presented again in a 
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Fig. 4-11. Three dUBfase triplets of calcium, all drawn on the same scale of 
frequency; the numbers beside the lines are the intensities, the numbers below 
the lines the wave-lengths. 
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Fig. 4-12. The 4 ®P multiplet of calcium. In the space corresponding to 

each transition is given the wave-length in angstroms, the wave-number in 
om."^ and in brackets the intensity. Between the rows and columns are the 
intervals in cm.“^ 

form which is important in Fig. 4* 12. The combining terms appear 
above and to the left, while, in the space corresponding to two 
terms, are written the wave-length and wave-number of the line 
resulting from the combination. Thus Fig. 4-12 shows that the 
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4^Di-^2^Po line has a wave-length of 4425-43 A. and a wave- 
number of 22590*4 cm.”^ Between the rows and columns are 
written the difference of the two wave-numbers, and these should 


of course be constant in any row or 
column, for they are the separations 
of the terms. To the right of the 
wave-length is sometimes written in 
a bracket the intensity of the line. 

The complete fundamental triplet 
is not found in calcium, where the 
level has not been resolved, but 
appears in strontium and barium. The 
structure so closely resembles that 
of the diffuse triplet that a verbal 
description is hardly warranted, but 
the origin and intensity of the six 
lines is shown in Fig. 4*13. 

The separation and intensities of 



all the lines of the triplet spectrum 
of calcium are thus easily derived from 
the term scheme by these simple rules. _ 

But the singlet and tnplet system ^ fundamental triplet, 

account for only half the bright lines 

of calcium; the other half arise from the simultaneous jumps 



of two electrons, as will appear when the displaced terms are 


discussed. 


4, Inter-system lines 

Besides the lines of the singlet and triplet systems, there are 
others which arise from the combination of singlet terms with 
triplet terms. These are governed by the selection rules already 
given; that is, an electron can jump from one state to another 
only when Ai= + 1 and Ae7 = 0 or +1. But to account for the 
absence of certain Hnes Land6* pointed out that an additional 
prohibition must be introduced, namely that an electron cannot 
jump from one state having e/ = 0 to another also having «/ = 0. 

* Land4, 1921, 22 417. 
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In the mercnry spectrum, for instance, the line 2^Pi->l^So at 
2536 A. is very bright, but the line 2 1 is not ordinarily 

observed at aU. 

The 2536 A. line of mercury is not, however, typical of inter- 
system combinations, which are in general weaker than lines due 
to transitions between levels of the same system. On the contrary 
this particular line is very bright because it indicates the only 
route by which an atom can return from the lowest state of the 
triplet system to the normal state; consequently the concentra- 
tion of atoms in the 2 ^P state is often very high. 

5. Spectrum of helium* 

If the account of the alkaline earth spectra in terms of two 
active electrons is correct, the theory should be applicable to the 
simplest element with two electrons, namely helium. Attention 
was first drawn to this fact by Goudsmit and Uhlenbeckt and by 
Slater J at a time when the spectrum was commonly interpreted 
very difierently. 

The spectrum divides itself naturally into two parts, one 
stretching from the infra-red through the visible to about 2600 A., 
and the other, a group of half a dozen lines in the extreme ultra- 
violet, all with wave-lengths of less than 600 A. (Fig. 4-14). The 
visible and near visible regions were analysed by Runge and 
Paschen as long ago as 1896, but not until 1922 did Lyman§ 
discover the lines in the extreme ultra-violet. The term scheme, 
worked out by Runge and Paschen, consisted of two systems, one 
of singlets and the other of doublets; each system consisted 
quite normally of a principal, sharp, diffuse and fundamental 
series, but no connection between the two could be found; and as 
two unrelated systems were not known in any other element, it 
was suggested that they arose from two different atoms, called 
orthohelium and parhelium. That the helium gas was a pure 
substance became clear in course of time, but physicists con- 

* For a more detailed account, Grotrian, Oraphische Darstellung der Spektren, 
1928, 1 108. 

I Goudsmit and Uhlenbeck, Physica, 1925, 5 266. 

} Slater, Nat. Acad. Sci. Proc. 1925, 11 732. 

§ Lyman, N, 1922, 110 278. 
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tinned to believe that the two systems arose from distinct modi- 
fications of a single atom right down to 1925. The doublet system 
containing the well-known yellow doublet 5875-97 and 5875-62, 
the Dg lines of the sun’s spectrum, was attributed to the ortho- 
helium state, and the singlet system to the parhelium state. 

The lines of the sharp and diffuse series of orthohelium appear 
as narrow doublets with a constant separation of 1-0 cm.”^, but 
the short wave-length component is 
the stronger line, whereas in the 
alkalis the long wave-length com- 
ponent is the more intense. The first 
two lines of the principal series have 
also been observed, and in them the 
long wave-length component is the 
stronger. Moreover, the ratio of the 
intensities is very far from the 
normal 2 : 1 of the alkalis; the strong 
line is inclined to show self-reversal 
and so to appear too weak, but care- 
ful measurements by Burger* on 
the yellow line 5876 A., 3^D->2®P, 
have shown that the intensity ratio 
is probably as much as 8:1. Now 
the intensity ratio of a diffuse triplet 
in which the D term is not resolved 
is normally 5:3:1, so that if the 
5876 A. line is really a triplet in which the two bright components 
lie very close together they would give just the ratio observed. 

The next step was naturally to use a spectroscope of the 
highest possible resolving power in order to separate the two 
components of the bright line. Houston j* and Hansen J have both 
done this, the one working on the 7065 A. line, 3 -> 2 ^P, and the 

other on the 4713 A. line, 4 2 ^P. Both agree that the P term 

is inverted with intervals of about 0-991 and 0-073 cmr\ and that 

* Burger, ZP, 1926, 38 437. 
t Houston, Nat. Acad. Sci. Proc. 1927, 13 91. 
t Hansen, N, 1927, 119 237. 
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Fig. 4*15. Transitions producing 
a sharp triplet of helium. The 
term is inverted, and the interval 
ratio irregular, but the intensities 
are normal. 
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the intensity ratio is nearly normal (Fig. 4*15). More recently 
the next term of the series has been examined, in the 3888 A. 
line, 3®P-->-2®Si, and shown to be inverted. The intervals are 
A®Poi = 0*192 and A2Pi2 = 0*165 cm.“^* 

Though this work allows the orthohelium spectrum to fit 
satisfactorily into its place as a product of a two-electron system, 
it brings out two irregularities. The 2 ^P term of helium is inverted 
and its interval ratio is very far from the normal 2 : 1 of the 
alkaline earths. Whereas in calcium APoi:APi 2 = 1:2, in helium 
the same ratio is found to be 13:1. Happily Heisenbergf has 
deduced the interval ratio in hehum from the quantum mechanics, 
obtaining a value of 9*5 : 1, and has shown that the normal ratio 


Atomic 

number 

Element 

Ionisation 

potential 

2 

He 

24-47 

4 

Be 

9-29 

12 

Mg 

7-61 

20 

Ca 

6-09 

38 

Sr 

5-07 

56 

Ba 

5-19 


Fig. 4*16, Ionisation potentials of atoms with two active electrons. 

is to be expected only when the nuclear charge is large. This 
agrees qualitatively, if not precisely, with experiment. 

With these difficulties out of the way, the term scheme of 
helium fits naturally into its place as the first of the alkaline 
earth or two-electron type. The ground term lies much deeper 
than in the alkaline earths, being some 20 electron volts below 
the 2 term, but an examination of the alkaline earths shows 
that the lower the atomic number the greater the ionisation 
potential (Fig. 4*16). Again there is only one inter-system com- 
bination known, a line at 591*5 A. found by Lyman and inter- 
preted as 2^Pi->liSo, being thus homologous with the very 
bright 2536 A. line of mercury. It is true that in mercury 
many inter-system lines are known, but Heisenberg has shown 
that theory predicts a decrease in the intensity of inter-system 

Gibbs and Kruger, PR, 1931, 37 1559. 
t Heisenberg, ZP, 1926, 39 499. 
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lines with decreasing atomic number, and in fact only one has 
been found in magnesium also. 

The only outstanding difference is the position of the 2 ^Sq and 
2®Si terms, which lie below the P term, but this is hardly im- 
portant. The selection rules do not permit a direct return from 
these S terms to the ground state, and in fact the lines corre- 
sponding to the transitions have not been observed. 


6. Systems of higher multiplicity 

In the spectra of the alkaline earths are found triplets and 
singlets, in the earth metals quartets and doublets, in the fourth 



Fig. 4*17. Table of spectroscopic terms. 

column of the periodic system quintets and triplets; and in other 
elements multiplicities as high as eight occur. The singlet, 
doublet and triplet spectra have been satisfactorily ordered by 
writing the multiplicity (2S+1), fixing L by the series to which 
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a term belongs, and then allowing all those values of J which 
satisfy the condition 

\{L + S)\^J^\{L^8)\. 

Selection rules then decide which terms may be expected to com- 
bine. In analysis the determination of L and J is often difficult, 
but a later chapter will show how help can be obtained from the 
sphtting of a hne in a magnetic field. 

If the same methods are apphed to a system having a multi- 
plicity greater than three, the number of terms found and their 
combinations agree precisely with those predicted by theory, the 
terms obtained being those set out in Fig. 4-17. This figure was 
first given in a slightly different form by Land6. 

7. Lande's interval rule 

In the sharp and principal series of calcium, the ratio of the two 
intervals is roughly 2:1. This regularity is a simple example of 
Lande's interval rule,* which states that in any multiplet level 
the separation of two terms having inner quantum number 
(J — 1) and J is proportional to J. For example: 

:: 2:1 

3D3-3D2:3D2-3Di::3:2 
:: 4:3 


Element 

"Pi-®Po 


Beryllium 

3*4() 



Magnesium 

2-00 

— 
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203 

1-50 

Strontium 

2-12 

l-(i8 

Barium 

2-37 

2-10 

Zinc 

205 

l-()2 

Cadmium 

2-17 

1-55 

Mercury 

2-(53 

0-58 


Fig. 4*18. Interval ratios of the deepest and terms of the elements of 
column II. 

In Fig. 4-18 are given the interval ratios for the deepest P and 
D terms of a few triplet spectra. Deep terms will in general obey 


* Land6, ZP, 1923, 15 189. 
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the rale better than high terms, but even so, exceptions occur, 
particularly in elements of large atomic number. 

Nevertheless the interval rule is sometimes of value in allot- 
ting J to unnamed empirical terms. Thus Fig. 4-19 shows a 
multiplet from the arc spectrum of iron analysed by Laporte.* 
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227*85 

(lOOiJ) 
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292*29 
(300 iJ) 
26874*53 


Fig. 4*19. A ®D ®F multiplet of the iron arc; the numbers in brackets are the 
intensities, and R means ‘reversed*. 


The separations of one set of terms are as 1 06- 8 : 1 64* 9 : 227 •9:292*3 
or as 1*8: 2*8: 3-9: 5, so that presumably the values of J are 1, 
2, 3, 4, 5. In tabular form this may be written 


5F 


106*8^2 = 53*41 
164*8-~3 = 55*0 
227*9^4 = 57*0 
292*3^5 = 58*5 


"Const. = J[p. 


While for the combining set of terms 


1 89*9-hl= 90*0^ 
184*1-^2= 92*1 
288*1-4-3= 96*0 
415*9-^4 = 104*0^ 


const. 


A 


D * 


A glance at Lande’s scheme of terms shows that the J values 
1-5 and 0-4 are those predicted in the ®F and terms. 


* Laporte, ZP, 1924, 23 138. 






65 


IV] lande's interval rule 

So simple a rule should clearly he explicable in terms of the 
vector model, and in fact the rule can be obtained provided two 
assumptions are made; these assumptions must be left here as if 
made ad hoc, but they arise quite logically in the theory of the 
wave mechanics. First assume that the energy of interaction of 
the orbital and spin vectors, L and S, is proportional to the cosine 
of the angle between them; then the energy of any level of a 
multiplet term will be 

Ejch ^vq^ + ALS cos (LS), (4-1) 

where vq and A are constants whose significance will appear 
shortly; the product ch is introduced into the left-hand side so 
that these constants may be measured in cm."^ As is weU known 
in macroscopic physics L8 cos (LS) = ^ {J^ -- 8^}, but in 
atomic physics the wave mechanics shows that this must be 
refined to 

cos (LS) = i («/ + 1) - + 1) - /S (/? + 1)}, . . .(4-2) 


so that the energy of the multiplet term is 

= vq r, (^*^) 

where T = {/ ( J + 1) - L (L-H 1) - /S (5^+ 1)} (4-4) 


The numerical values obtained from this formula are given in 
Fig. 4-20. The separation of two components of a multiplet term, 
determined by J and (J — 1), will be given by 

AEIch==iA{J(J+l)-{J-l)J} 

= AJ, (4-5) 

which is precisely Lande’s empirical result. The constant A m 
thus Land6’s interval quotient. 

Though for the present purpose vq may be regarded simply as 
an arbitrary constant, for clarity and for future work it will be 
convenient to show that is the centroid of the term. 

In the 2p term, for example, it follows from the above equation 
that A is determined by 

And then applying equation (4-1) we obtain 

and 


CAS 


5 
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stands here for the height of the level above some arbitrary 
zero, and not as a term value measured down from .the hmit. 

It appears then that vq hes -|Avp below the higher level and 
divides the distance between the two lines in the ratio of 1 : 2. 
But this is exactly where the centroid of the two terms falls if 
to each term is assigned a statistical weight of (2/ + l), for the 
weights of the two terms will be 4 and 2 respectively. (2 J -h 1) 
is the number of Zeeman components into which a term sphts in 
a magnetic field, and the assumption fits well both with Burger 
and Dorgelo’s intensity rule, and with Pauli's exclusion principle. 



Fig. 4*20. The displacements of spectroscopic terms. 


^ Since the point is important, another example may perhaps be 
cited; consider the ®P term 


And so 
or 

and the centroid 


^P2 — Vq + A, 

^Pi= vq — A, 

^Pq ~ • 

®P2-^Po = Avp=3A, 

A = ^Ai/p, 

lines JAvp below the highest term. 
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To find vq more directly write the wave-number of a typical 
term as (vQ-f-P) and apply the condition that for all terms of 
the multiplet S (2 J + 1 ) T = 0. 

In the term, for example, this gives 

5r2+3ri+ro=o. 

And if the term has the ideal separations of the interval rule 


(r2-ri)==2(ri-ro)=fAvp, 

where Aj/p = ^P 2 -®Po is the extreme interval of the multiplet. 
From this it follows that 


^2 ^ Avp , Pi — “ JAvp , Pq — § Avp . 

If a term is inverted so that the term with the greatest J lies 
deepest, the values of P will be reversed in sign but unaltered in 
magnitude; while if the separations are not in the ideal ratio of 
Tandy’s rule, then the actual separations should be used in the 
calculation. 

It does not seem possible to give a simple proof that the two 
methods of arriving at the centroid of a term will always give the 
same result, though a proof for a particular value of JS is simple 
enough; but a proof is perhaps unnecessary where a check is so 
easily applied. 
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CHAPTER V 


ABSORPTION SPECTRA AND 
RELATED PHENOMENA 

1. Absorption spectra 

More than a century ago Fraunhofer* named a number of dark 
lines which Newton had noticed in the spectrum of the sun. In 
the laboratory these dark lines may be demonstrated ; if a sodium 
flame is placed in front of a spectrometer, two bright lines appear; 
but if a gas-filled electric bulb or an arc is placed behind the flame 
and focused through it on to the sht, the sodium lines appear in 
the same place, dark on a bright background. Thus the dark lines 
are clearly due to absorption of light from the hot filament in the 
relatively cold flame; and in fact the Fraunhofer fines have long 
been recognised as coinciding with the emission fines of such 
elements as sodium, iron and calcium. 

Since any fine appearing in absorption must show a transition 
from the state in which the atom happens to be to some higher 
state, one might expect all absorption fines to arise in the lowest 
level of the spectrum, for this wifi be the normal or ' ground ’ state 
of the atom. And in fact in the spectra of the alkalis and alkaline 
earths the principal series appears in absorption, though the 
sharp and diffuse series do not; Wood and Fortrat,t for example, 
used a column of non-luminous sodium vapour 2-8 metres long 
with a spectrograph of such high dispersion that 1 A. appeared as 
3*5 mm. on the plate, and distinguished 58 fines of the principal 
series 1 

Needless to say this technique can supply valuable evidence 
when the ground term happens to be in doubt; in aluminium, for 
example, the lowest known term is but one might reasonably 
suppose that a lower term exists lying so low that all com- 
binations are in the ultra-violet; Grotrian, J however, has shown 

* Eraunliofer, GUbbert^s Annalen, 1817, 56 264. Cf. Kayser, Handbuch d. 
Sjpektroskopie, 1900, 1 7, 9. 

t Wood, R. W. and Eortrat, AJ, 1916, 43 73. 

i Grotrian, ZP, 1922, 12 218. 
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that the sharp and diffuse series appear in absorption, though the 
principal series does not, and this is conclusive; the ground term is 
2P. On the other hand, in a thorough analysis of the visible spec- 
trum of neon, the lowest terms which Paschen discovered were 
four which he labelled 85 , 84 , S 3 and 7^^ hues arising from these 
terms appear in absorption only when the neon is previously 
excited;* and in fact some years later Hertz found in the far 
ultra-violet two lines, which show that the ground term lies 
so low that it produces no line of wave-length longer than 743 A.f 
Under certain conditions however lines, which do not arise in 
the ground term, appear in absorption; the neon lines arising in 
the s terms have already been noticed, while the Balmer series 
appears sharply reversed in the spectra of certain stars. More- 
over, in the laboratory lines often appear ‘self-re versed’, that is 
to say a narrow black line appears down the centre of an emission 
line, an appearance which is interpreted to mean that the hot 
vapour in the centre of the tube emits a broad line due to a large 
Doppler effect, while the cooler vapour near the walls absorbs a 
narrower band. 

As the reversal of the Balmer series presumably means that in 
the outer layers of the star a proportion of the hydrogen atoms are 
in the excited state with n = 2, many have wished to reproduce 
the phenomenon under conditions which can be more con- 
veniently examined. The first requisite is to obtain a large 
number of atoms in the excited state, an end which may be 
achieved by raising the temperature or by using cold vapour and 
exciting it with electrons or radiation. This is not the place to give 
an exhaustive account of this work, but only to illustrate the 
mechanism, so one example of each method must suffice. J 
The changes produced by a rise in temperature appear most 
clearly when there are only two low levels and these lie fairly 
close together as they do in the ground term of the earth metals, 
indium and thallium. is the lower of these levels, while 

* Meissner, AP, 1925, 76 124. 
t Hertz, ZP, 1926, 32 933. 

t Andrade, Structure of the atom, 1927, 304 f.; Pringsheim, Fluorescenz und 
Phosphorescenz, 1928, 26 f. 
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is metastable since the L selection rule does not allow the two to 
combine; if energy is gained in an inelastic collision, however, the 
selection rules are of no account, so that the random collisions of 
a gas keep a certain number of atoms permanently in the higher 
state; this number should increase with increase of temperature, 
but should be less the greater the height of the level above the 
ground state. Experimenting, Grotrian* was able to divide the 
absorption spectrum into two sets of lines; at 400° C. thallium 
vapour absorbs the lines 3776 and 2768 A., but when the temper- 
ature is raised to 800° C. the line 5350 A. appears together with 
the doublet 3519 and 3529 A.; and analysis shows that the two 
lines appearing at 400° C. arise as 2 ^ 2 and 3 ^ 2 ^P^ , 

while the lines appearing only when the temperature is raised are 
2 2 ^Pij and 3 li 2 . In indium the corresponding 

temperatures are 650° and 800° C., so that the temperature differ- 
ence increases from 150° to 400° C. as the ^P interval increases 
from 112 cm.”i in indium to 7793 cm.“^ in thallium. 

In these experiments both the term intervals and the tem- 
perature difference are small, but there is no reason to doubt that 
the mechanism is the same as that which causes the absorption of 
the Balmer series in stellar spectra. Indeed the Boltzmann 
distribution law allows a general account of the phenomena, for 
it states that if an atom can exist in two states having energies 
and the number of atoms in the states will be in the ratio 

where are the statistical weights, d the absolute tempera- 
ture, and h the Boltzmann constant. Now the statistical weight 
of an atomic level is simply (2J +1), so that in Grotrian’s experi- 
ment the ratio of the number of atoms in the state to the 
number in ^p^ is . 

Atoms may be raised to a higher level by the collisions of a 
discharge tube, as well as by a rise of temperature. To illustrate 
this Metcalfe and Venkatesacharj enclosed some mercury 
vapour in a long tube, and passed through it a small current 

* Grotrian, ZP, 1922, 12 218. 

t Metcalfe and Venkatosachar, PRS, 1921, 100 149. 
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adjusted to make the vapour faintly luminous. Lines arising in 
any of the 2 levels are strongly absorbed by this tube, but those 
arising in the higher 2^P level are not absorbed at all (Pig. 5*1). 
And this we might expect, for with a low potential gradient an 
atom will normally make several collisions before it has acquired 
the 4-9 volts needed to lift it to one of the ®P levels, but as all 


I. Liivea strongly absorbed 


5461 

2 ^2 

3342 

3 aSi ^2 sPa 

3663, 3655, 3650 

3®I>1.2.3^2 8P., 

4359 

2 as, -e- 2 

3132, 3126 

3 3D,., ^2 3Pi 

4047 

2 3Si ^2 3Po 

2967 

3 3Di ^2 »Po 

II. Lines not absorbed 

4916 

3 % -> 2 iPi 

5791 

3 iDg ^ 2 iPi 

4347 

4 iDa -> 2 ip. 

5770 

3 “Da -> 2 

4339 

4 “Da 2 iP, 

4078a 

2 iSo 2 “1\ 


Fig. 5*1. Lines absorbed by cold mercury vapour made faintly luminous by 
an. electric current. 

a The absence of the 4078 A. line in absorption is anomalous. 

Metcalfe and Venkatesachar, PRS, 1921, 100 149. 

these collisions are elastic they do not absorb any of the energy 
the atom has acquired; when an atom already carries more than 
4-9 volts, however, it is likely to lose a large part of this whenever 
it colhdes, so that the chance of its acquiring the 6*7 volts needed 
to lift it to the ^P level is very small. 

Using a similar technique Pfliiger showed that electrically 
excited hydrogen absorbs the Balmer series.* 

Thus atoms which have been excited by an electron discharge 
do absorb the lines which the quantum theory suggests. No one 
seems yet to have produced an absorption line when the pre- 
liminary excitation is optical, but Fiichtbauer has been able to 
show that only when mercury vapour is excited by the 2537 A. 
line can it absorb lines whose lower level is ^P. The illumination 
must be intense if sufficient atoms are to be in the excited state, 

* Pfliiger, .4P, 1907, 24 515. Of. Ladenburg, Verb, Phys. Qes. 1910, 12 549. 
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for after a very short period each atom will radiate and return to 
the ground level; accordingly Fuchtbauer* passed a discharge 
through the space between two coaxial tubes, and placed a 
cylinder containing mercury vapour along their axis. All the 
tubes were of quartz, so that they would pass the 2537 A. line, 
but not 1849 A. or any line of shorter wave-length. When the 
pressure was suitably adjusted, the vapour in the central cyhnder 
emitted all the arc hnes as soon as the outer arc was struck; but 
when a thin glass tube was inserted between the discharge tube 
and the central cyhnder, the emission ceased. The explanation is 
simple. The atoms in the central cyhnder are in the normal 
state and can absorb only hnes which originate in this state; of 
these the line of longest wave-length is 2537 A. and the next 
1849 A., hnes which hfb the atom to the and states; thus 
when there is no glass between the lamp and the cold vapour, the 
2537 A. line lifts the atoms into the ^P^ state, and they can then 
absorb any hnes which start in this state. A brief examination of 
the level scheme (Fig. 4-7) shows that by absorbing one more line 
and emitting another, these atoms can reach any level whatever, 
so that a complete emission spectrum may be expected. 

This experiment leaves no doubt that atoms previously excited 
by light do absorb from the state which they have reached, though 
the concentration in the excited state may not be sufficient to 
produce an absorption fine on a continuous background. 

2, Ionisation and resonance potentials 

The energy required to ionise an atom or to raise it to an excited 
state can be calculated from the spectrum, or it can be obtained 
quite independently by exciting the atom with electrons which 
have fallen through a known potential difference. 

To illustrate the spectroscopic method, consider the sodium 
lines 5890 and 3302*3 A., which analysis reveals as the first two 
members of the principal series; they differ in frequency by 
13300 cm.“^, so that the series should have a limit 24643 cm.“i 
above the 22Pjj term; this value can be obtained by the use of 
Rydberg’s law, or it can be read off more simply from his tabula- 

* Fuohtbauer, PZ, 1920, 21 635. 
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tion of the values of + it does not agree precisely with 
the accepted value of 24476 cm.“^, but only because the series 
does not follow Rydberg’s law precisely; in fixing the accepted 
value, the higher series terms have been considered. As the 
ground state of sodium is 1 the energy required to raise the 
atom to the 2 state is 10®/5890 or 16973 cm."^, and the ionisa- 
tion potential is this added to 24476 or 41449 cm.“^. 

In order to compare these spectroscopic values with those 
obtained by exciting the atom with high-speed electrons, con- 
sider an electron which has fallen through 1 volt; its energy is 


IV G P 



Fig. 5-2. Set-up used by Lenard to measure excitation potentials. 


4 - 77 . 10 ”^® 

— — — — ergs, so that it can excite a line of wave-number v, 

oUv/ 

where v is given by 1*59 . 10 “^^ — 

c being the velocity of light and h Planck’s constant. When the 
usual values are assigned to the constants, this gives 


1-59, 10-12 
' 3 7l0i<>. 6-55. 10-27 


= 8106 cm." 


Thus an electron which has fallen through 1 volt can excite a line 
of wave-length 12336 A. The ionisation potential of sodium 
is consequently 41449/8106 = 5*11 volts, and the resonance 
potential of the 2 2p^j state 12336/5890 = 2* 10 volts. 

The electrical methods have all been inspired by the work of 
Lenard,* who in 1902 accelerated the electrons emitted by a hot 
wire W (Fig. 5*2) with a potential applied between the wire 
and a gauze 0\ these electrons are prevented from reaching the 
* Lenard, AP, 1902, 8 149. 
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plate P of the electroscope by a retarding potential which is 
greater than . If then the electroscope receives any charge, it 
must depend on one of two mechanisms; either the 'electrons 
must excite the atoms present to emit light and this falling on the 
plate causes it to emit electrons; or the high-speed electrons must 
ionise the atoms near the gauze and the positive ions produced 
then faU on to the plate. 

This simple technique however does not distinguish between 
resonance and ionisation potentials, and accordingly Davis and 
Goucher* introduced a second gauze Q' (Fig. 5*3), which they 


W G G' P 



Earth 


Fig. 5*3. Set-up used by Davis and Goucher to distinguish ionisation from 
resonance potentials. 

kept at a potential slightly greater or slightly less than that of the 
plate. Whether this small potential is positive or negative makes 
little difference to any positive ions which are liberated, for 
having fallen through most of Fjj by the time they reach O', they 
have enough energy to overcome a small opposing potential; but 
it suffices to control the direction of any photoelectric current; 
for if O' is positive, the photoelectrons escape from P as before 
and the electroscope receives a positive charge; while if 0' is 
negative, no photoelectrons liberated from P can escape, while 
any electrons liberated on the side of O' near to P pass to the 
electroscope giving it a negative charge. In accord with this 
description, Davis and Goucher obtained for mercury the curves 
shown in Fig. 5*4; in the upper curve 0' is positive to P, while in 
* Davis and Goucher, PB, 1917, 10 101. 
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the lower curve it is negative. That the current is zero so long as 
is less than 4*9 volts suggests that this is the lowest resonance 
potential of the mercury atom, while the sudden rise in the cur- 
rent when the potential reaches 6*7 volts suggests a further 
resonance potential at this value; the upward turn in the lower 
curve shows that 10*4 volts is the ionisation potential. 



Fig. 6*4. Resonance and ionisation potentials of mercury vapour. After Davis 
and Goucher, PR, 1917, 10 106. 

These measurements receive a simple explanation in terms of 
spectroscopic theory; the normal state of the mercury atom is 
, while next above this lies the 2 term, the line resulting 
from the transition 2 3Pi->liSo being 2537 A., a figure which 
enables us to calculate the potential required as 4*86 volts (Fig. 
5*5). Of the levels which can combine with the ground state, the 
next above 2 is 2 , and as an atom leaving this emits the 

1849 A. line, the potential required to excite it is 6*67 volts. The 
ionisation potential obtained spectroscopically is 10*39 volts. 
All these values agree admirably with the measurements of Davis 
and Goucher. 
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The experimental method described above is not the most 
sensitive now available, but it is simple and serves to illustrate 
the principles on which all electrical methods depend. 


Limit Terms 



Eig. 6*5. Energy levels and excitation potentials of mercury. 

3. Spectra excited by electron impact 

Interesting confirmation of atomic energy levels can be ob- 
tained, if the spectrum is excited by electrons which have fallen 
through a known voltage. Franck and Hertz* first showed that 
when low-pressure mercury vapour is excited in this way, it 
emits no radiation at all until the potential rises to 4-9 volts, and 
that then only one line, 2537 A., appears. This accords well with 
theory, for a line of this wave-length implies an energy change of 
4-86 volts, and the 2 level, in which this line arises, is the lowest 
from which a transition back to the ground term is permitted. 
Similar one-line spectra have been produced in zinc, magnesium 
and other metallic vapours. t 

* Franck and Hertz, PZ, 1919, 20 132. 
t Fridrichson, ZP, 1930, 64 43, gives references. 
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Whatever the details of the apparatus used, the distance 
between the filament and grid must be small, so that very few 
atoms shall be struck before the electrons have acquired their full 
velocity; on the other hand the space between the grid and plate 
must be large, so that sufficient atoms may be excited. Newman* 
(Fig. 5*6), for example, used three tungsten wires F as a source of 
electrons, and placed in front a nickel gauze 0, arranged so that 
the distance between the two was not more than 1*5 mm. The 
gauze, which supplied the accelerating potential, was electrically 
connected to the nickel cylinder A, so that the space between 0 
and A was a region of constant potential. The whole tube was 
enclosed in an electric furnace, whose interior was maintained at 
350° C.; at this temperature the vapour pressure of the sodium 

To Pump 


End View- 

Fig. 5*6. Newman’s discharge tube. PM , 1925, 60 170. 

enclosed is less than mm. of mercury. Raising the voltage step 
by step, Newman showed how in sodium new lines appear at 
definite potentials. Unfortunately the photographic plates have 
been destroyed, so that only a verbal description of the spectro- 
grams, published in the Philosophical Magazine^ can be given 
here. In the first the voltage is 2-2 and only the doublet 5896- 
90 A. appears;*!* at 3*18 and 3-6 volts]the doublets 11404-382 and 
8195-83 A. respectively should appear, but both are beyond the 
range of the plate, so that at 3-74 volts the only lines on the plate 
should be 5896-90 and 3303-02 A., and in fact the second spectro- 
gram taken at 4-0 volts shows these lines and no others. The hnes 
6161-54 A. should be the next to appear, and the third spectro- 
gram taken at 4-4 volts contains them, while the further doublet 
5688-83 A. appears at 4*6 volts. With the exposures employed 
no further lines appear before the ionisation voltage of 5*2 is 

* Newman, PM, 1925, 50 165. 
f For the level diagram of sodium, see Fig. 3*7. 
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reached, but the results suffice to show that the lower levels at 
least can be excited one by one. Equally satisfactory agreement 
was obtained with potassium and rubidium,* the measurements 
on the former being tabulated in Fig. 5-7. 


Transition 

Wave-length 

Excitation voltage 

(A.) 

Observed 

Calculated 

2 1 as 

7665 

7699 

1-9 

1-61 

2 as -5- 2 

12434 

12523 

— 

2-69 

3 a© 2 »P 

11690 

11772 

— 

2-66 

3 2p -> 1 as 

4044 

4047 

3-3 

3*05 

3 2D 2 

6936 

6965 

3-7 

3-38 

3 2s 2 2P 

6911 

6939 

3*7 

3-39 

4 2P 1 as 

3447 

3448 

3-9 

3-58 

Complete arc spectrum 

4-4 

4-32 


Fig. 6*7. Line by line excitation of potassium. 


4. Spectra excited by monochromatic light f 

When sodium vapour at a low pressure is illuminated with the 
yellow D lines, it re-emits the D lines in all directions; this re- 
emitted light has been called ‘resonance radiation’, since on the 
wave theory it is explained as due to vibrators within the atom 
which respond to waves of their own period. 

Pure resonance radiation can be obtained only if atoms leaving 
the excited state have no alternative but to return to the ground 
state whence they came. As an excited atom may lose energy by 
collision or radiation, this condition has two consequences; first, 
the vapour pressure must be so low that the time between suc- 
cessive impacts is small compared with the life of an excited atom ; 
and second, if the excited level is not the first above the ground 

* Ne-wman, PM, 1925, 50 796, 1276. 

t Andrade, The structure of the atom, 1927, 358-60; Pringsheim, Fluorescenz 
und Phosphorescenz, 1928, 20-24. 
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level, the selection rules must not allow the atom to pass from the 
excited to the intermediate level. 

Wood and Mohler* have shown that when sodium vapour at 
200° C. is illuminated with one D line, only that Hne is emitted; 
but if some hydrogen is left in the bulb, or if the temperature is 
raised to 300° C. so that the vapour pressure rises from 3 . 10~® to 
2*5 . 10“^ mm., both lines appear showing that a number of atoms 
suffer an inelastic collision before they radiate. This illustrates 



Fig. 5*8. Fluorescence of thallium Fig. 5*9. Fluorescence of 

vapour; the upward pointing arrows lead vapour, 

show the lines absorbed, the downward 
the lines emitted. 

the first condition ; in illustration of the second consider the 1 84 9 A . 
line of mercury; it should be a resonance line like 2537 A., for it 
arises as 2^P-^ 1 ^S, and the only term between the two is 2®P 
with which 2^P cannot combine. Rumpt has confirmed this 
prediction, but the work is not easy, for the 1849 A. line lies in a 
region in which oxygen absorbs, so that the apparatus must be 
filled with carbon dioxide. 

In the two examples cited, the ground term has been single, for 
resonance in the strict sense is seldom observed when the ground 

* Wood, R, W. and Mohler, PM, 1918, 11 70. 
t Rump, ZP, 1925, 31 901. 
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t^rm is multiple; instead the vapour is fluorescent. Thallium 
vapour, for example, whose normal state is 2 , naay be raised 

to the 22Sj or state by irradiating it with the 3776 or 

2768 A. line, and this hne will be re-emitted (Fig. 5-8), but with 
it wfll appear the 5350 or 3529 A. line, for some atoms will pass 
to the 2 state.* Closely analogous results are obtained in lead 
a.TiH antimony; if lead vapour is irradiated with the line 2833 A., 
it is re-emitted accompanied by two other lines 3640 and 4058 A. 



Fig. 5*10. Fluorescence of antimony vapour. 

(Pig. 5*9); while the observations on antimony are adequately 
summarised in Pig. 5-10. An upward pointing arrow shows that 
the line was exciting and a downward that it was being emitted. 

Pluorescence may be excited as well by a line which raises the 
atom to a high level, as by one which raises it only to a low. Lord 
Rayleight showed this when he irradiated sodium vapour with 
the 3304 and 3302 A. hues, thus raising the atoms direct to the 
3 state, and found that this causes the emission of the two D 
lines. As the direct transition from 3 to 2 ^P is forbidden, there 

* Terenin, 1925, 31 26; 1926, 37 98. Terms of Sb from Charola, PZ, 
1930, 31 457. 

t Strutt, N, 1915, 95 285; PR8, 1919, 96 272. 
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seems little doubt that the atoms either lose energy in a coUision 
or pass from one to the other by way of the 2 or 3 state, 
though all intermediate transitions produce lines of such long 
wave-length that Lord Rayleigh did not observe them. Either 
mechanism explains the fact that when the vapour is irradiated 
with a zinc line, which happens to coincide with the 3304 A. hne, 
both D lines appear. 
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CHAPTER VI 


THE ZEEMAN EFFECT 
1 - The normal Zeeman triplet 

If a source of light, such as a discharge tube or a spark, is placed 
between the poles of an electromagnet, and examined with a 
spectroscope, one observes that as the current in the coils of the 
magnet is increased, the lines appear to broaden, and finally if 
the resolving power is sufficiently high, to split into a number of 
components. This effect was first observed by Zeeman* in 1896. 

By chance Zeeman happened to be working with lines of a 
singlet series, and so observed that the single line sphts into three 
polarised components; both splitting and polarisation Lorentz 
explained with the classical electromagnetic theory. A year later, 
however, Zeeman and other workers showed that the lines of 
other series split not to the simple triplet, but to a group of four 
or more components; and as the classical theory was unable to 
accoimt for this, the two types were labelled the ' normal’ and 
‘anomalous’ Zeeman effects. 

When a spectral line splits in a magnetic field, the lines into 
which it sphts, the so-called Zeeman components, are polarised 
either parallel or perpendicular to the magnetic field; the former 
are commonly referred to as tt and the latter as o- components, a 
deriving from the German ‘senkrecht’. In a figure, such as 
Fig. 6*1, drawn to show the splitting of a line, the tt components 
are drawn above the horizontal, and the cr components below, 
the lengths of the verticals being proportional to the intensities. 

The Zeeman components are always symmetrical about the 
position of the undisplaced fine, and accordingly in the normal 
triplet the three components arising from the line of frequency v 
have frequencies v and v'±Av'. The undisplaced line is a tt 
component, and the two displaced lines are a components. Thus 
an observer looking along a line perpendicular to the field offeree 

* Zeeman, PM, 1897, 43 226. A translation from Zitt. Alcad. Amsterdam., 
1896, 5 181, 242. 
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sees a central component polarised parallel to the field and on 
either side a component polarised perpendicular to the field; while 
if he looks along the lines of force through a hole bored in one of 
the pole-pieces, the central line disappears and the two lateral 


Normal Triplet 



Singlet system 


Doublets Triplets 

Principal and Sharp series 



Diffuse series 



Fig. 6T, Zeeman patterns. The n components are drawn above the line, a 
components below; the heights show the intensities. 


components are circularly polarised; further the latter rotate in 
opposite directions. 

Photographs are commonly taken perpendicular to the lines of 
force, for they show all the components, and the mere rotation of 
a nicol distinguishes the tt and o polarisations; moreover, a hole 


6-2 
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bored in a pole-piece inevitably destroys the uniformity of the 
magnetic field. 

The displacement Ai^' of each o component is proportional to 
the strength of the magnetic field, and is given by the expression 


Av' = 


ttIq 47rc 




( 6 - 1 ) 


where e is the charge on the electron in e.s.u., is the mass of the 
electron, c is the velocity of hght, and H is the field measured in 
gauss. As however spectroscopists ordinarily work in wave- 
numbers instead of frequencies, the equation is transformed to 
read rr 

Av = = 4- 665 . 10-5J? cm.-i 

47rmgC'^ 

This interval is commonly written having been calculated by 
Lorentz* from electromagnetic theory, it is often referred to as 
the Lorentz unit. 

This formula has received abundant experimental confirmation , 
the field being obtained from the charge passing in a test coil or 
from the dimensions of the solenoid. Thus Gehrcke and von 
Baeyert early measured the sphtting of two mercury lines 4916 A. 
and 5790 A. with fields varying from 700 to 7000 gauss; while 
recently Campbell and Houston J have been at pains to obtain an 
accurate measure of ejm^c; the latter workers chose the 
lines in zinc andcadmium,becausetheyexhibitnohyperfine struc- 
ture and arise from atoms suflSlciently heavy to make the Doppler 
effect small, even at a temperature of 500® C. The value, which 
the Zeeman effect requires for the electronic ratio of charge to 
mass, e/m^c, agrees well with that obtained from the deflection of 
cathode rays, all recent measurements lying between 1-757 and 
1-761 . 10’ e.m.u. per gm. 

The displacement in the simple triplet is very small, being 
only 1-9 cm.“^ or one-ninth of the D^Dg interval, even when 
the electromagnet produces a field of 40,000 gauss; and few 


* Lorentz, K. Akad. Amsterdam^ 1897, 6 193. 

t Gohrcke and von Baeyer, AP, 1909, 29 941. An earlier absolute measure- 
ment is that of Weiss and Cotton, J. de Phys. 1907, 6 429. 

J Campbell and Houston, PR, 1932, 39 601. 




PLATE m. MAGNETIC SPLITTING PATTERNS 


1. Ha; 6663'04 A.; both tt and a components; field 39,000g. 

2. 3^D“^2^P. Cd 6438-71 A.; normal triplet (0)1/1; tt components 
above, a below. 

3. Na 6890-19 A., line on left; Na 6895-16A., 

El line on right; the line in the absence of magnetic field below, tt and <j 
components together above. 

4. 2®Si -?-2®Po; Zn 4680-38 A.; pattern (0) 4:12. 

6. 2»Si^28Pi; Zn 4722-34 A.; pattern (J) 34/2. 

6. 2®Si->-2®Pa; Zn 4810-71 A.; pattern (0) 1 (2) 3 4/2. 

7. (eS)4p’P%->(8S)4s7S3; Cr 4289-92A.; pattern (^) (1) (2) 4 66 7 8/3; 
a components above, tt below. 

8. Cr 4374-76 A.; pattern (1) (2) (3) 21 22 25 24 25 26/12. The 
components separated by an interval of 1/12. OmH are not perfectly 
resolved, but the separations of the strongest a components can be 
accurately measured. 

9. Cr 4254-49 A.; pattern (0) (1) (2) (3) 4 5 6 7 8 9 10/4; the 
weakest components ± 10/4 do not appear in the reproduction. 

10. 3 2 ; T1 3629-68 A.; pattern (4) 8 (12) 16 24/16; tt components 

above, a below, 

11. 3 8Ei->28P(j; Zn 3282-42 A.; pattern (0) 1/2; lines in absence of field 
above, tt and cr components together below. In the lower figure the for- 
bidden transition 3 ^Eg 2 ^Pq , with pattern (0) 7/6 is visible, while in the 
upper figure it is absent. 

12. 6p.6d3°^6p2iE; Pb 4062-26 A. The observed pattern (0) (0-367) 
0-866 1-222 1-SS9 is best satisfied by g factors of 0-867 and 1-222; the 
values of lead are abnormal for the vector coupling is not (LS). 

13. ^Ea^^Pg; Zn 3346 A. on left; Cd 3610 A. on right; both 

patterns (2) (4) 5 7 9 11/6; tt and or components together. Both photographs 
were taken in a field of 40,000 g. making Om = 1'85 cm.*"^; the incipient 
Paschen-Back effect is more obvious in Zn than in Cd, because the ®E 
interval factor is 1-9 cm.“^ in Zn and 6-0 in Cd. 

14. ®E2 ^i->®Pi; Zn 3302-3 A. onleft; ®E2,i->8p^; Cd 3466-8 A. on right. 
In each element the intense pattern is (0) (2) 5 7 9/6 from ^Eg ®Pi and 
the faint 1(2) 3/2 from ®Ei->-®Pi; tt and a components together; field 
40,000 g. Again the Zn lines are more distorted than the Cd. Comparison 
of the figures shows that in weak fields the intensities are distorted, while 
in stronger fields the positions are affected, so that the pattern is no 
longer 85mmetrical. 

16. Mg; partial Paschen-Back effect in a diffuse triplet. 

®E -> ®Po; 3829-61 A.; pattern (0) 0 (2) 2 4/2. 

8E ->8Pi; 3832-46 A.; pattern 0 (1) 1 (2) 3 4/2. 

8E -j- sPg; 3838-46 A. ; pattern (^?) 0 ( 1 ) 1 (2) 2 3 4/2. 

O' components are above and rr below; the weakest components are partly 
lost in reproduction. 

16, Partial Paschen-Back effect in a diffuse doublet. 

aE->2Pii; Na 6688-20 A.; pattern (1) 1 (2) 2 4 6/3. 

2E 2Pj; Na 6682-90 A.; pattern (^?) (1) 1 (2) 2 5 4/3. 

TT components are above and o components below. 

Figs. 13 and 14 were lent by Prof. J. B. Green, and all the others by 
Prof. E. Back; the former have appeared in FR, 1934, 46, and the latter 
in Zeemaneffekt und MulPiplettatruktur by Back and Land6 . 
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electromagnets can produce a steady field greater than this, 
though Kapitza using a sudden discharge obtains a much greater 
field for a very short time. Conversion to wave-lengths gives 
AA==A^o^, so that the interval to be measured is 1*2 A. at 
8000 A., but only 0*076 A. at 2000 A. 


2. Anomalous Zeeman eJSect. 


Lines not belonging to a singlet series split in a magnetic field 
into more than three components. These are, however, still 
symmetrical about the position of the undisplaced line, and 
polarised parallel or perpendicular to the magnetic field. 

The group of components into which a line splits are deter- 
mined absolutely in number, displacement and intensity, and are 
said to constitute a ^Zeeman type’. Preston* found that two 
lines exhibit the same Zeeman type if they belong to the same 
series, or if they are members of different series, such as the 
principal and the sharp, which arise from the same term se- 
quences or thirdly if they belong to identical series occurring in 
different elements. Thus the 1 Une of sodium and the 

5 -> 2 ^Pij line of caesium split in the same way when produced 

in a magnetic field. In terms of the vector model this clearly 
means that the Zeeman type is a function of the L, S and J 
vectors of the two combining terms, but not of the chief quantum 
number n nor of the inner electron groups. 

Because the displacements of the Zeeman components depend 
on the strength of the magnetic field, they are conveniently ex- 
pressed in some unit which varies with the field, such as the dis- 
placement of the or components of the normal triplet. In 1907 
Runget used it, and found that the displacements of all Zeeman 
components can be written as simple fractions having small 
denominators. Thus the displacements of the tt and o components 
of the line of sodium are respectively ± | and ± ^ Lorentz 


units. This is commonly abbreviated to read 


(2)4 
3 ’ 


where all tt 


components are enclosed in brackets. Or again the displacements 


* Preston, Phil, Trans. R.8. Dublin, 1899, 7 7. 
t Range, PZ, 1907, 8 232. 
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may be written in decimals as in Fig. 6*2, which gives the dis- 
placements of the components of the line in various 

spectra, the field being 30,000 gauss. In this field the Lorentz 


Element 

Wave- 

length 

Displacements 

In A. 

In cm.“^ 

Caesium 

Sodium 

Copper 

Zinc+ 

8521 

5890 

3247 

2026 

±(0*341), 1*024, 1*705 
±(0*166), 0*498, 0*830 
±(0*049), 0*149, 0*247 
±(0*019), 0*058, 0*097 

±(0*470), 1*410, 2*348 
±(0*479), 1*435, 2*388 
±(0*465), 1*413, 2*342 
±(0*46), 1*41, 2*36 


Fig. 6-2. Splitting of the line in four spectra; the field is 30,000 gauss 

and 0 ^ := 1*409 cni.“^ 


interval is 1*409 cm.-^ , so that the displacements of the Cu 3247 A. 
fine are 0*33o^, l*00o^ and l-66o^; clearly then the Runge 


fraction is 


(1)35 

3 • 


Examples of other Zeeman types with their 


appropriate Runge fractions are shown in Fig. 6*1, the brightest 
77 and a components being in itahcs. 

The importance of these laws in the analysis of a spectrum can 
hardly be exaggerated, for the Zeeman type indicates at once the 
term combination from which a line arises. 


3. The Quantum theory 

Nowhere perhaps have theory and experiment worked more 
closely together than in the construction of modern spectral 
theory, and nowhere is this more easily illustrated than in a 
discussion of the Zeeman effect. 

The wave-number v of a spectral line, produced when an atom 
jumps from a stationary state having energy E' to a second 
having energy E", is given by the relation 

chv=E'-E\ 

When a magnetic field is applied, the energies of these states may 
be supposed to change by AE' and ^E", so that the wave-number 
of the line emitted changes by Av, where 

ch Av = AE' - AE\ (6*2) 

If these increments of energy could assume a continuous series 
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of values, the line would simply broaden, but as in fact the hne 
splits into a number of components the increments of energy must 
themselves be restricted by quantum conditions.* 

The above argument assumes only the existence of stationary 
states in the atom; to proceed further consider an electron re- 
volving in a circle about a positively charged core; the quantum 
restriction of angular momentum may then be shown to restrict 
also the magnetic moment of the atom, for the classical theory 
shows that one is a constant multiple of the other. Thus the 
magnetic moment is 


iA 

c 


0)6 e 

27t‘ c 2m^c* 




( 6 . 3 ) 


where the current i and the electronic charge e are both measured 
in e.s.u., A is the area of the orbit and co the angular velocity. 
Though the above equations apply only to a circular orbit the 
result is equally valid for an ellipse, so that if the angular 

Jh 

momentum of the atom can only assume the values the 

277 

magnetic moment is restricted to the values 




2m^c \iT 




eh 

4 : 77171 ^ 6 * 


(64) 


Thus is the quantum unit of magnetic moment; it is 

called the Bohr magneton, is commonly written and is 
numerically 9- 166. lO^^i erg gauss~^. 

That the magnetic moment is quantised does not indicate the 
energy of each state in the magnetic field, but as experiment 
leaves no doubt that the magnetic increments of energy are 
proportional to the field //, the product J^inH is obviously 
suggested, for this at least has the right dimensions; and in fact 
the wave mechanics justifies this guess when J is parallel to H; 
more generally the etiergy increment is J cos ( JH) H, since the 
orbital area projected on a plane perpendicular to JT is .4 cos ( JH), 
when J is inclined to H. 

Since the Zeeman lines are sharp the projection of J on the 


* Van Loliuizen, K. Akad. Amsterdam Proc. 1019, 22 190* 
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magnetic axis must be quantised, and to specify this we introduce 
a magnetic quantum number M defined by the relation 

lf = Jcos(JH), (6-5) 

so that M is restricted by the condition 

J^M'^ -J 

and can assume (2*7 + 1) between these two extremes. The orien- 
tations permitted when J = ^SiTe shown graphically in Pig. 6-3. 
Thus in general the energy increment is 
Ai; = *7cos(JH)/^^iy 

= JlfjLt^jffergs; (6‘6) 

but the energy is often more conveniently expressed in wave- 
numbers, so divide by ch and write 

AEIch=Mo^, (6-7) 

where is defined by 

The above theory assumes that a magnetic field does not 
destroy the coupling which links the spin and orbital vectors, and 



Fig. 6'3. Permitted orientations of J 
in a weak magnetic field, drawn for 
/= 3 . 



Fig. 6-4. In a weak magnetic field J 
preoesses round the direction of the field 
H, while L and S process round J. 


that while J processes round H, L and S process together round J 
(Pig. 6-4). Experiment shows that this assumption is valid when 
the field is weak, but that when it grows stronger it breaks the 
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coupling of L and S, and these then precess independently round 
H; this changed motion produces a changed splitting of the 
spectral lines, a splitting commonly known as the Paschen-Back 
eflEect. 

Applied to a line of a singlet series, this theory must explain 
the normal triplet which experiment reveals. In a magnetic field 
the wave-number changes by 

Av = ^E'|ch-^E"|ch, 

while the change in the energy of a single state is 


AEjch^Mo^. (6-7) 

So that combining these 

= (6-9) 


This equation suggests that the line will spht into seven 

components with displacements 0, ± 3o^; whereas 

in fact experiment gives only three. To obtain agreement 
Rubinowicz and Bohr* put forward the selection rule 
Aif = 0 or ±1; 

while to account for the empirical polarisation they postulated 
that a transition gives rise to a tt component when AM = 0, and 
to a O' component when AM = + 1. This is very simply shown in 
Fig. 6-5, where arrows show the jumps allowed. Vertical arrows 
indicate tt components, and oblique arrows a components. 


Term 

M 


-2-10 12 


MXIXI/ 


-1 0 1 

(M'-M") 

(0). ±1 


Fig. 6-5. Transitions producing the Zeeman pattern of a line. 

The selection and polarisation rules may appear at first some- 
what arbitrary, but they are valuable because they are applicable 
not only to the normal triplet but also to the more complex 
anomalous patterns. The latter were first worked out empirically 
by Land6, and though a satisfactory theory has since been con- 
* Rubinowicz, PZ, 1918, 19 441, 465; Bohr, Kopenhagener Akad, 1918, 14 1. 
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structed, the empirical approach will perhaps bring out the 
physical principles more clearly. The simple theory shows that a 
magnetic field changes the energy of a stationary state by 


A^7/cA = lfo^. (6-7) 

As this did not sufGLce to account for the anomalous effect Lande 
introduced an arbitrary factor g, and wrote 

^E|ch=Mgo^, (6*10) 


The splitting factor g might here be a function of M ; fortunately, 
however, experiment shows that it depends only on L, S and J. 
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Fig. 6-6. The magnetic splitting factor, g. 


With this assumption Land6,* was able to work out many 
values of g empirically, and then to devise a formula, 

J(^J+l) + 8(S+l)-L{L+l) 

+ 2J(J+1) 

from which others might be calculated. These values of g are 
shown as simple fractions in Fig. 6*6; in Fig. 6-8 the fractions are 
not in their simplest form; instead the numerators and denomin- 
ators have been so chosen that regularities appear between rows 
and columns, thus enabling the table to be compiled without 
applying the formula to each term.f 
* Land6, ZP, 1923, 15 189. f Kiess and Meggers, BSJ, 1928, 1 641. 
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As an example of the application of this formula, consider the 
brightest line of a sharp triplet ®Si->®P 2 . For 

, 2+2-0 ^ 

9'=l + — 27^ = ^’ 

while for S' = IJ • 

And from these values, with the aid of the table given in Fig . 6 ■ 7 
the splitting of the line can be deduced as 

(0) (1)234 
2 


Term g 

M 

-2-10 12 

3Si 2 

^iQi 

o 

1 



XIXIXIX 

“Pi! f 

Mfg, 

-3 -f 0 13 

Mtgi-Mfg, 

(0)(1)234 
^ 2 



- 2-10 1 2 
-3 -H 0 li 3 

IXIXIXIXI 

-2i -Ij 0 Ij H 
, (2) { 4 ) 5 79 11 


Term (/ M 




-li -i i 14 

_ T ;|L -1 ». 1 ** 

(xFxlxf 

“ H ~ i! 1r 

(4) [ 12 ) 14 22 30 


Eig. 6-7. Calculation of the Zeeman patterns of the three lines, 

3P,->3D„ 

The figure also shows similar calculations for triplet and quartet 
lines. 

Alternatively the Zeeman type can be deduced from a level 
diagram, such as Fig. 6*9, which shows a combination. 




N)) b©l to 



Fig. 6-8. The magnetic splitting factor, g. The fractions 

the trouble of calculating 






MAGNETIC SPLITTING FACTORS 



are so chosen that the table can be constructed without 
each factor separately. 
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The continuous lines indicate a components, the dotted lines 
77 components. 

A table of some patterns is added (p. 95, Fig. 6-10). 

M Aychom 



Eig. 6-9. Transitions producing the Zeeman pattern of a line. The 

IT components are dotted, the a components drawn full. 

4. The Spinning electron 

The old quantum theory thus gives an admirable account of 
the Zeeman effect provided that the empirical splitting factor g 
is accepted without cavil; but to press this point is to reveal the 
elementary theory as inadequate. 

The Land4 splitting factor measures the ratio of the magnetic 
to the mechanical moment of an atom, on a scale which will make 
the g factor of a point charge moving in an ellipse unity. Now 
the g factor is umty only in the terms of a singlet series; in 
these terms the spin vector is zero, so that the ^anomalous’ g 
values may be reasonably attributed to the electron ; and as the 
g value of every term having i = 0 is 2, the electron may be 
assumed to have twice as great a magnetic moment as the 
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Doublet systems. 


(0-07), 0-73, 0-87 


(0-27, 0-80), 0-53, i-07. 1-60 


{fl 07, 0-20), 1-00, 1-13, 1-27, 1-40 


(0-03, 0-09), 0-77, 0-83, 0-89, 0-94 

2+ 

(0-17, 0-5i, 0-86), 0-34, 0-69, 103, 1-37, 1-71 


(0-03, 0-09, 0-14), 100, 1-06, Ml, M7, 1-23. 1-29 

Triplet systems. 


(0-00), 0-50 


(l-OO), 0-50, 1-50 


(0-00, 0-33), 0-83, 1-17, 1-50 

®P2-®Di 

(0-00, 100), 0-60, 1-50, 2-50 


(0-33, 0-67), 0-83, 1-17, 1-50, 1-83 

®Pa-®D 3 

{0-00, 0-17, 0-33), 1-00, i n, 1-33, 1-50, 1-67 


{0-00, 0-17), 0-50, 0-67, 0-83 


(0-50, l-OO), 0-17, 0-67, 1-17, 1-67 


(0-00, 0 08, 0-17), 0-92, 1-00, 1-08, M7, 1-25 


(0-00, 0'67, 1-33), 0-00, 0-67, 1-33, 2-00, 2-67 

3D3-3F3 

(0-25, 0'50, 0-75), 0-58, 0-83, 1-08, 1-33, 1-58. 1-83 


(0-00, 0'08, 0-17, 0-25), 1-00, 1-08, M7, 1-25, 1-33, 1-42, 1-50 

Quartet systems. 

VPi 

(0-33), 1-67, 2-33 


(0-13, 0-40), 1-60. 1-87, 2-13 


(0-'20, O-OO), 1-00, 1-40, 1-80, 2-20 

‘IVD* 

(1-33), 1-33 


(0-73), 0-47, 1-93 


(0-87), 0-87, 2-GO 


(0-21, 0-80), 0-93. 1-47, 2-00 

‘Pir‘J^2* 

(0-18, 0-54), 0-83, M9, 1-55, 1-91 


(0-20, O-UO), 1-00, 1-40, 1-80, 2-20 

‘P2r*‘J52i 

(0-11, 0-34, 0-57), 1-03, 1-20, 1-49, 1-71, 1-94 

‘P2r‘^ai 

(0-09, 0-20. 0-43), 1-00, 1-17, 1-34, 1-61, l-()9, 1-80 


Fig. 6-10. Zeeman patterns of doublet, triplet and quartet lines. 


The TT components are enclosed in parenthesis. The brightest n and o- com- 
ponents are italicised. 

A complete table of theoretical patterns, going up to ®I terms and containing 
inter-system lines, has been given by Kiess and Meggers, BSJ, 1028, 1 641. 
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Lorentz theory would predict for a rotating point charge. 

1 Jh 

Thus if the angular momentum of an electron is the 

magnetic moment must be 


2 . 


e 1 h 

2m- c 2 277 


.( 6 - 12 ) 


or 


eh 




5 and not 


eh 


STTm^c 

This magnetic moment is inherent in 
the structure of the electron itself, and 
does not prevent it from developing a 
further magnetic moment as it revolves 
about the nucleus. But whereas the in- 
herent magnetic moment of a group of 
electrons is proportional to /S, the orbital 
magnetic moment is proportional to L, 
When L and S are parallel, the com- 
bination of the two magnetic moments 
presents no difficulties. Thus Fig. 6-11 is 
drawn for any term such as in 

which J = L-\-S\ the projections of L, S 
and J on the axis of the magnetic field 
are written , Mg and M respectively, 
so that 


as the Lorentz theory would indicate. 


L S 


M 

V* 



Because of the inherent magnetism of ^g. g-n. Derivationofthe 
the electron the component of the mag- magnetic splitting factor of 
netic moment will be -1-2 Mg instead an atomic state in which the 

of the M^+Mg or M which Lorentz orbital and spin vectors are 
predicted. But parallel. 

■§] 


so that 


Mj^+2Ms = M + Ms = mI^ 
S 


1+^), 


9=1 + 


J' 


In the term this gives 0r=:4 g^s experiment requires; and a 
glance at Land6’s table of g values, Fig, 6*6, shows that whenever 
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J=L + S, g is always {l + SjJ), while when J = L — S, g is 
(1-SIJ). 

When the orbital and spin vectors are not parallel, the mag- 
netic sphtting factor cannot be obtained by simple geometry; if, 
however, the energy of interaction of two vectors is assumed 
proportional to the cosine of the angle between them, a formula 
results which has only to be ‘refined’ by the quantum mechanics 
to agree with experiment. Equations (6*5) and (6*7) contain the 
results of the simple theory, which ignores the intrinsic magnetism 
of the electron; combined these equations show that 

AEjch = o^J cos ( JH) . (6*13) 

Accordingly as J is the vectorial sum of L and S, and the g factor 
of the electron is 2, the displacements of a Zeeman term should be 

^Ejch = o^{Z/ cos(LH) + 2S cos(SH)} (6*14) 

In a weak field the orbital vector processes round the electronic 
vector J, while J processes round H (Fig, 6*4); accordingly the 
mean value of cos (LH) has to be taken, bb is indicated in the 
equation by a superposed bar. The mean value is 

cos (LH) = cos (LJ) cos (JH). 

And what is true of L is true also of S, so that 


AEJch = o„ J cos ( JH) 


L ,, 2S 

J cos (L J ) + -jr cos 



In macroscopic physics 


(6-16) 


fCos (LJ) = 


2 


but the quantum mechanics shows that in dealing with atoms this 
must be refined to 


while 


jCos(LJ)-- — Trcr+i)- — ’ 

(6-16) 

'^rnn^STl J ( J + 1) + (iS + 1) - L (L+ 1) 

^cos(SJ) YjJjTT) • 


CAS 


7 
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Th«, AiBM Jf 1 1 + ^ , 

, (6-17) 

where i/ = e7cos(JH). 

This is the formula foimd empirically by Lande, and expressed 
in equations 6* 10 and 6-11 above. 

5. Intensity inxles 

The brightest tt and <j components of any Zeeman type can be 
predicted by two simple rules. 

In the combination of two terms having the same value of J, 
or, which is identical, having the same number of Zeeman com- 
ponents, those 77 components are brightest which arise in arrows 
at the extremities of the usual scheme, while the brightest cr 
components arise in arrows near the centre. In particular the tt 
component arising from the transition from Jbf = 0 to Jf = 0 is 
always missing. 

But when the two combining terms have different values of J, 
the bright tt components arise in arrows near the centre, while 
the bright a components lie at the extremities (Fig. 6*7). 

The more precise intensity relations which have been obtained 
by use of the correspondence principle are interesting and are 
discussed in a later chapter, but in actual fact these two simple 
rules have sufficed for the analysis of all Zeeman types, for they 
make clear four intensity classes, and the class to which an un- 
known Zeeman type belongs determines certain facts about the 
J and g values of the terms producing it. 

Suppose that an observed pattern arises from two unknown 
terms x and y, and that these are distinguished by the condition 
then the only possible intensity relations are the four 
given below, and each has its particular significance. The strongest 
line in each group is underhned. 

Class I. The intensities are represented by 

aao-... ...77 77 77... ...oraa 

for odd multiplicity, or by 

^CTC... ... 77 77 77 77 ... . . . O’ a O' 

for even multiphcity. 
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A line belongs to this class only when J^<Jy and gx<9yt 
examples being and of Fig. 6- 1. 


Class II. The intensities are represented by 

(а) ... a a a it tt tt ... craa... 

for odd midtiphcity, or by 

(б) ...aaa ... tt ir ir tt ... aaa... 

for even multiplicity. A pattern belongs to this class only when 
J^<Jy and ga!>gy Examples of this are shown in ®P 2 ®D 3 , 
«Pi»D 2 and ^Pii^Daj of Fig. 6-1. 

Class III. The intensities are represented by 

(а) a a a G G a tt tt it 'tt ' ir ,,.gggggg,,, 

for odd multiplicity, or by 

(б) ... O’ or <7 O’ a ... TT 77 7T TT . . . O’ O’ O’ O’ O’ . . . 

for even multiplicity. A pattern belongs to this class only when 
= Jy and g^i^gy. Again, examples may be found in Fig. 6- 1 . 


(11a.aa IV. A normal Zeeman triplet, consisting of one tt and 
two <j components a v cr. 

This pattern may arise when either g^ = gy or when = 0. In 
complex spectra patterns apparently of this type occur when 
, Ly are large, and g ^. , gy differ little from unity. 


6. Term analysis 

Every spectral line carries an identification disc, which can be 
read in a magnetic field, and which states in unequivocal lan- 
guage the terms x and y from which the line originates. From the 
Zeeman type one can deduce both the J values, J^. and J y , and 
the g values g^. and gy . This done one has only to turn to the table 
of g values given in Fig. 6-12 to identify the terms themselves. 

But if the language is unequivocal it is not always legible, for 
when the separation of two Zeeman components is less than 
o,„j/5, they cannot be fully resolved if the source is in air; and this 
is reduced only to o„,/10 if the source is %% vacuo. Certain regu- 
larities, common to all Zeeman multiplets, may however be used 
to interpret words, whose letters one cannot read. 

The first step is to measure up the unknown Zeeman multiplet 
in Lorentz units. The scale might be fixed by measuring the 

7-2 



100 


[CHAP, 


THE ZEEMAN EFFECT 


- 1-333 

»G* 

1-111 


1-434 

“Fe* 

-0*667 

•Fi 

1-133 


1-441 

“Ga* 

-0-400 

“Hxt 

1-143 


1-455 

“Pa* 

0-000 


1-159 

“I.* 

1-456 

“Ge* 

0-286 


1-172 


1-467 

“G,* 

0-400 


1-200 


1-538 

“Pai 

0-444 

“I.* 

1-203 


1-552 

“Pai 

0-671 

*Gh 

1-212 


1-556 

“Da* 

0-667 


1-231 


1-576 

“Pa* 

0-686 

'Hh 

1-238 

-Fat 

1-587 

“Da* 

0-727 


1-239 

“In 

1-600 

‘Pai 

0-800 


1-257 

“Ga* 

1-619 

“Pa* 

0-825 


1-273 

-Gh,«G4* 

1-636 

“Da* 

0-828 


1-282 

“He* 

1-657 

“Ha* 

0-857 


1-294 

“la*, “I,* 

1-697 

“Da* 

0-889 


1-301 

“H.* 

1-714 

“Pat, “Fa* 

0-909 


1-314 

“Fa* 

1-733 

‘Pn 

0-923 


1-333 

“Pi*,-F.*,«H,* 

1-778 

“Pai 

0*933 


1-337 

“lai 

1-810 

“Da* 

0-965 


1-343 

‘G« 

1-867 

“D.* 

0-970 


1-354 

“Ha* 

1-886 

“Pa* 

0-984 

*G«* 

1-365 

“Ge* 

1-937 

“Pa* 

1-029 


1-368 

“In 

2-000 

»S*,'>Sx*,‘S, 

1-035 

•Is* 

1-371 

‘Da* 

2-057 

“Da* 

1-048 


1-385 

‘Ge* 

2-286 

“Pa* 

1-067 

•Px* 

1-388 

“H,* 

2-400 

“P.* 

1-071 


1-397 

“F,* 

2-667 

‘P* 

1-077 


1-412 

“Ha* 

2-800 

“Dx* 

1-091 


1-414 

‘Gx* 

3-333 

“D* 

1-108 


1-429 

‘Da* 

4-000 

“P* 



Terms 

of even multiplicity. 



Fig. 6-12. Magnetic splitting factors. 

strengtli of the magnetic field with a test coil and applying 
the Lorentz formida, but in practice one measures instead the 
splitting of a line of a known anomalous type. 

An examination of all known Zeeman multiplets, or an applica- 
tion of general theory, shows that all can be considered as con- 
sisting of three groups of lines, a group of tt components spreading 
across the position of the undisplaced line and a group of a com- 
ponents on either side. Each group consists of a number of lines, 
whose separation is a constant, often written e. This value e must 
be determined, but as it may be obtained from the stronger com- 
ponents, the weaker components which may not have been 
measured do not hinder the work. Theory shows that 
The only other value which needs to be measured is the distance 
between the two brightest o* components, a quantity commonly 
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Terms of odd multiplicity. 

After Kiess aad Meggers, BSJ, 1928, 1 641. 

written 2/, Should there be a pair of equally bright lines as in 
Class III, then 2/ is the distance from the centre of one pair to 
the centre of the other. 

The number of rr components will be always (2/ a, + 1 ) provided 
we consider that the transition from to My = 0 is not 

forbidden, but gives a line too weak to be observed. Thus if the 
number of v components is known, or if it be obtained by dividing 
the distance between two extreme bright components by e, then 
can be calculated. To obtain J„, note that if the intensities 
show the pattern to belong to Class I or II, Jy = J^ + l, while if 
it belongs to Class III Jy = J^. 

The values of and J.„ being known, and gy may be deter- 
mined from e and /, but the precise form of the equations 
depends on the intensity class to which the Zeeman type belongs. 
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Class!. J^<Jy^ndLg^<gy. 

... 0 2g^ ... 

••• ^ 9y ^9y ••* *^y9y 

In tins figure the brightest o component is shown by an arrow, so 

9yJy-9xJx=f- 

Using the relations Jy = J^+\ 

and g^=gy-e, 

we obtain g.y =/— J^e. 

Class II. < Jy and gx>9v 
A similar calculation shows that 

9v=f-^Jx^\ 

9x = 9y + ^ , ■ 

Class III. = Jy and g^^gy. 


- 0 .. 
X 

* *^z9x 

• •• 0 gy 2gy 

.. 4ygy 


In this figure, drawn for terms of odd multiplicity, the brightest 
a components are shown by arrows. Consequently, if 2/ measures 
the mean of the distance between the two bright pairs of lines, 

f=\{9x+9v)- 

And accordingly, if g^<gy, 

9^=f-el2 

9y=f+el2]' 

And these equations are easily shown to hold also for terms of 
even multiplicity. 

Class IV. The anomalous Zeeman triplet may arise from 
(1) e = 0; whenga.=^y=/,and J remains undetermined, (2) J^ = 0; 
when = and gy=f. 

An example may help to clarify this discussion. The lines 
of 4163-64 A. and 4123-86 A. were observed in the spectrum of 
columbium, and their Zeeman effects measured by Jack.* They 
are respectively (-, 1-18) 0-66, 1-46, 2-24, and (0-32, 0-90) 0-47, 
1-02, 1-58, 2*18. 

The Gist belongs to intensity type III, so that Jx = Jy -A^nd 
* Jack, R, Irish Acad. Proc. 1912, 30A 42. 





103 


VI] TEEM ANALYSIS 

we find that e = 0-79,/= 1-46. Now the number of n components 

1*18 X 2 

must be 1-1 from the measurements and 2J ^+ 1 from 

e 

theory, so that Further, 

9'a:=/-«/2=l-06. 

?*,=/+ e/2 =1-86. 

Tur ning to Fig. 6-12, it appears that the only satisfactory identi- 
fication is ®Fii and , two terms which have g values of 1-067 
and 1-867 respectively. 

For the line 4123-86 A. of columbium, we find e = 0-57 and 
/=0-47. The variation of intensity shows the Zeeman type to 
belong to Class II so that Jx=Jy-^ 9x>9v There are four 
TT components, so that ^2 -(- 1) = 4 

and Jx—H’ = 

This checks with the number of cr components which should be 
{Jg. + Jy) either side of the centre, for in fact four were found. 

Applying the formula gy=f+Jx^> 
we obtain gr,y= 1-326, 

and g'^ = g-j,-t-e= 1-875. 

The only terms with approximately these gr values and the correct 
values of J are and ®F 2 i ; these have theoretical g values of 
1-867 and 1-314 respectively. 

The fact that this analysis has been made to depend only on 
the quantities e and /, on the relative intensities, and on the 
number of tt components is of no little importance. For not only 
are the weak components difficult to measure, but if the magnetic 
field is strong enough to produce distortion e and / may still be 
calculated fairly accurately. Take e„ and e„' as the mean values of 
e for the two groups of a components, and e„ as the value of e for 
the group of tt components, then the mean value 

|e,r+ 1 {% + ^a') 

is found to approximate closely to the ideal value, /is very little 
distorted by a strong field and needs no correction. 

A good example of the application of this method to a distorted 
pattern may be taken from the 5218 A. line of copper, one line of 
a close doublet. The observed splitting in a field of 3-7 . 10® gauss 
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is shown above the line in Fig. 6-13, the ideal spHtting calculated 
after analysis is shown below. 



Fig. 6*13. Splitting of the 6218 A., , line of copper in a field of 3*7 . 10* 

gauss. Observed splitting above, ideal below. Observations after Back, 
Hb. d, Expt. Phya. 1929, 22 107. 

The observed Zeeman displacements are — , —1*350, —1*171, 
-0'99l (-0*240), (0-012), (0-169), 0-993, 1*065, 1*123, 

1*190. The separations of adjacent components are here very far 
from constant; indeed and ej, the mean values of e for the two 
groups of cr components, are 0*179 and 0*066, and so in a ratio of 
nearly 3:1. But taking the mean of these and combining it 
with the separation of the tt components = 0*136, we obtain 
e= 0*129, which is not very far from the ideal value of 0*133. At 
any rate the error is not so great but that, proceeding with the 
analysis, we obtain 

1*314, J,= 1J| 

^^=1*185, e7^ = 2ir 

and so identify the terms without ambiguity as and . 

Thus even where the field required to produce a measurable 
splitting also produces distortion, the identity disc of the line is 
often legible.* 

BIBLIOGRAPHY 

The early work is thoroughly covered by Zeeman in Magneto-optics, 1914. 
Back and Land6 in Zeemaneffeht und MvMiplettatruktur der Spektrallinien, 1926, 
give a useful bibliography and some beautiful photographs, but their theoretical 
account has been superseded by Back’s article in the Handhuch der Experi- 
mental Phyaik, 1929, 22. This last is a very thorough study of both the Zeeman 
and Paschen-Back effects. 

* For recent work on the use of unresolved patterns, see Shenstone and 
Blair, PJlf, 1929, 8 766; Russell, PR, 1930, 36 1690; Fisher, PR, 1933, 44 724. 
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PASCHEN-BACK EFFECT 


1. Empirical 

In the early years of the century, Voigt* examined several hthium 
lines and showed that they aU spht to normal triplets; yet the 
hthium spectrum is so similar to those of the other alkahs, that 
the principal series hnes 6708 A. and 3233 A. must be unresolved 
doublets, and the diffuse lines 6104 A. and 4603 A. consist of three 
unresolved components. Again, the magnesium hne 3838 A., 
arising as 3 2 , may be expected to behave as if the three 

components have been superposed and could be resolved with 
higher dispersion; thus the Zeeman type should be the result of 
superposing the patterns of the three mercury lines, 3650 A. 
33D3-^23P2, 3655 A. and 3663 A. 

though in fact the 3838 A. line exhibits a simpler pattern char- 
acteristic of the transition ^Si->^p 2 . Most physicists accordingly 
catalogued all these lines as exceptions to Preston’s rule,* but in 
1912 Pasohen and Back| advanced another explanation. 

They argued that in a weak field each line of a multiplet splits 
into a number of Zeeman components, whose displacements are 
proportional to the strength of the field. If this simple law does 
not break down when the strength of the field is increased, the 
components of the two lines must cross, and this will occur with 
quite weak fields if the doublet interval is small. At first sight it 
seems easy to watch the changes in the sodium doublet as the 
field is increased; but the strongest field available is limited to 
45,000 gauss, and this produces a Lorentz interval of only 
2-1 cm.“^, or 0-76 A. in a line at 6000 A.; thus the Zeeman com- 
ponents of the D lines never meet, and one has to assume that, 
like the doublets of lithium, the two patterns would merge as the 
field is increased, and that in a very strong field there is left just 

* Zeeman, Magneto-optics, 1913, 166. 

t Paschen and Back, AP, 1912, 39 897; 1913, 40 960. 
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a simple Zeeman triplet in which the two o components are 
displaced by 




cm." 


Thus the condition for the appearance of the Paschen-Back 
triplet is that the magnetic displacement shall be much greater 
than the intervals of the undisturbed multiplet, or symbolically, 
that Av; and conversely the Zeeman splitting of a line will 
be regular only when < Av . The pattern produced therefore 
depends on the ratio o^/Av, and not at all on the absolute value 
of the field; and so in the further discussion, a 'weak’ field will be 
taken to mean one in which this fraction is small, and a ' strong ’ 
field one in which it is large; the words are not to be thought to 
refer to the absolute strength of the field. 

Clearly the best hope of confirming this hypothesis lies in 
observing the narrowest known multiplet; Paschen and Back* 
accordingly photographed a principal triplet of oxygen, whose 
lines are of wave-length 3947«438, 3947*626 and 3947*731 A, 
This fulfilled expectations; in a field of 6000 gauss the lines are 
so wide that they are no longer resolved; thereafter the resolving 
power is insufficient to distinguish the components predicted by 
theory, but when the field reaches 32,000 gauss a simple triplet is 
formed, in which the central component is quite sharp, though the 
side components are still somewhat diffuse; in a later section 
theory will be seen to predict this contrast. 

In order to make this picture more precise, consider the 
changes which take place in the DiDglinesof sodium, or any other 
principal doublet, though it is well to be clear that in describing 
the detailed changes we rely as much on theory as experiment. 
In Fig. 7*1*1’ the weak field components are shown on the left, and 
the strong field components on the right, the centre of the strong 
field pattern coinciding with the centroid of the undisturbed 
doublet. The directions in which the various components move 
are here clearly shown, but the changes in intensity are only 


* Paschen and Back, AP, 1912, 39 897; 1913, 40 960. The photographs are 
reproduced in these papers, and in Back and Land4, Zeemaneffekt und Multi- 
plettstruktur, 1925. 
t Voigt, AP, 1913, 42 210. 
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adumbrated; as, for instance, by the fact that there are finally 
no components with a displacement of 2o^, so that components 
which move towards this position must fade. Eor greater detail 



Fig. 7*1. Diagrammatic sketch of the changes occurring in a principal doublet 
as the field is increased ; where tt or a is enclosed in brackets, this component fades 
in a strong field. 

turn to Fig. 7-2,* in which the heights of the lines represent the 
intensities, and the positions of the various components are given 
precisely for various field strengths. The components labelled 2 
derive from the D 2 line, those not labelled from the D;il 
* Voigt, AP, 1913, 42 210. 
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dotted lines labelled n show the size of the Lorentz unit, for they 
mark the positions of the a components of an imaginary singlet 
line initially at the centroid of the doublet. This second figure is 



Fig. 7-2. Splitting of the DiDg lines of sodium in various magnetic fields. 
Components marked 2 arise from the line, unmarked components from Dj . 
The heights indicate intensities, and the dotted lines show the normal and 
twice normal intervals. After Voigt, AP, 1913, 42 228. 

taken from a theoretical paper by Voigt, but evidence will be 
adduced later to show that this is what would be observed under 
favourable conditions. 

A last figure, Fig. 7*3 a, shows a third way of representing this 
same transition from weak to strong;* the dotted lines represent 
* Darwin, K. PM, 1928, 118 264. 
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or components, the full lines tt components, while the breadth of 
each line is proportional to the intensity. In order to reduce the 
figure to a reasonable compass, however, the horizontal scale is 



Fig. 7-3 a. Splitting of a sharp or principal doublet. The coordinates are dis- 
torted so as to include the strong fields, while showing detail in the weak. The 
abscissa run from zero to infinite field in the scale oj/w + 1, where a> is pro- 
portional to the field strength H. The ordinates measure v/w + 1, where v is the 
displacement from the centroid of the multiplet. The intensities are shown 
roughly by the breadths of the lines, the continuous lines being tt and the 
broken a components. After Darwin, K. PRS, 1928, 118 264. 

not simply the field strength, but a function of this, a)/{co + 1), 
which tends to unity when the field tends to infinity; co is here the 
Larmor frequency, a quantity proportional to the Lorentz in- 
terval 0 ^ . Again, the ordinates are not displacements of the lines 
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from the centroid, written by Mrs Darwin v, but v/(a>+ 1). This 
method of representation gives a bird’s-eye view of the whole 



Fig. 7*3 6. Splitting of a sharp or principal triplet. The symbolism 
is the same as in the preceding figure. 


change, but it is more difficult to compare numerical data with 
this figure than with Voigt’s. 

Generahsing these results, we see that in any multiplet, as the 
field is increased, the simple Zeeman laws fail and the components 
flow as if they attract and repel one another; this change is far 




VECTOR MODEL 


111 


vn] 

from simple, while some components grow brighter, others fade 
and finally disappear. Whatever the multiplet, however, there 
emerges in a siiflEiciently strong field the simple Zeeman triplet 
with a TT component in the centre, a a component on either side 
and the normal interval. 

2. The vector model* 

The transition from Zeeman to Paschen-Back effect is beauti- 
fully explained by the vector model; a weak field does not break 
the coupling of the orbital and spin vectors, but merely makes 
them process round their resultant J, while J in turn processes 
round the magnetic axis H; a strong field, on the other hand, 
breaks the coupling of L and S, and makes these two vectors 
process round H independently. A convenient symbolism brackets 
the more firmly linked vectors, so that the Zeeman coupling is 
written {(LS)H}, while the coupling producing the Paschen- 
Back effect is {(LH)(SH)}. The more firmly two vectors are 
linked in the model, the greater the displacement of the terms due 
to the linking. 

Moreover, the vector model indicates some such transition as is 
actually observed; for the coupling of H with L, (HL), will 
presumably increase with H, since in the singlet system, where 
aS = 0, (HL) increases uniformly with H throughout; and so, if the 
field is increased without hmit, (HL) must finally become more 
important than (LS), since the latter is independent of the 
field. 

Whereas in the weak field of the Zeeman effect the projection 
of J on H had to be quantised, in a strong field it is the projections 
of L and S, whose values are restricted. The appropriate quantum 
numbers are commonly written ilf ^ and Mg , and the values they 
may assume are naturally restricted by the conditions 

-L, 

And whereas the Zeeman displacement is given by 

AEjch^Mgo^, 


* Goudsmit, PR, 1929, 31 946. 
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the Paschen-Back displacement is 

LEIch^{Mj,^2Ms)o^. (7-1) 


But while the former is measured from the position of the un- 
disturbed Lj term, the latter is the displacement from the cen- 
troid of the multiplet. The factor 2 which occurs in this equation 
is due to the double magnetism of the electron, a point fully 
discussed in the preceding chapter. 

Linking this up with equation (4*1), the energy of a level in a 
magnetic field may be written 

Ejch = vq + -h Mgo^ in a weak field, 

( 7 - 2 ) 

Ejch = -h + 2Mg) 0 ^ in a strong field. 

(7-3) 

The second term in these expressions results from the inter- 
action of L and S, so that the displacement F is always equal to 
LS cos (LS) ; but while in a weak field cos (LS) is constant and can 
be evaluated simply in terms of L, 8 and J, in a strong field the 
value of the cosine varies and its mean value is required. L and S 
are both processing round H, so 

L^ cos(LS) = LS cos (LH) cos (SH) 

(7-4) 

When the terms of equation (7*3) are rearranged in order of 

decreasing magnitude, it becomes 

Elch=VQ^ + {Mj^+2Ms)o^ + Mj^MsA (7-5) 

Before applying this theory to the D lines of sodium, new 
selection and polarisation rules have to be found. Experiment 
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Fig. 7*4. Splitting of the ®S and terms in a strong magnetic field. 
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shows that the facts can be explained if the only transitions per- 
mitted are those having = 0 or ±1 and ^Mg = 0, while 
in the polarisation rule of Bohr and Rubinowicz Mj^ is to be 
substituted for M, A jump having AMj^ = 0 corresponds to a tt 
component, while AMj^= ± 1 gives a o- component. 

Figs. 7*4 and 7-5 show how these rules work out in the D lines; 
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Fig. 7*5. Transitions producing a principal doublet in a strong field; the pattern 
resulting is a normal Zeeman triplet. The scale inserted is correct for the 
Di D 2 doublet of sodium, in a field of 1,000,000 gauss. 

while Figs. 7*6 and 7-7 show similar calculations for a ^S-^P com- 
bination. In Figs. 7-4 and 7-6 displacements have been written 
in terms of the interval quotient A, which is f of the doublet 
interval AP. The crosses in Fig. 7-5 show the positions that 
the P levels would occupy, if the term due to the interaction 
of the L and S vectors was dropped; the o- components would 
then exhibit no fine structure. The experimental difficulties how- 
ever are so great that it seems impossible to decide whether the 
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Fig. 7*6. Splitting of the and terms in a strong magnetic field. 
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Fig. 7 ‘7. Transitions producing a principal triplet in a strong magnetic fi.eld. 
The pattern is a normal triplet. 
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three lines of the Paschen-Back triplet are really simple or not; 
theory suggests that the components should have a structure 
of the order of magnitude of the original multiplet, but experi- 
mental confirmation is difficult, because one must use a narrow 
multiplet; these occur only in light atoms or high series terms, 
and in both the lines are far from sharp. That the a components 
of the oxygen triplet 3947 A. are more diffuse than the tt com- 
ponents is apparent, but one cannot place great faith in the 
observation when the photographs themselves are so small. 

Fortunately the predictions of the vector model can be 
supported by other arguments ; the quantum mechanics gives 
the same results in a strong field, and the quantum mechanics 
has been confirmed by measurements in intermediate fields. 

3. Partial Paschen-Back effect 

The multiplets so far considered have arisen from the com- 
bination of a doublet or a triplet term with an S term. When, 
however, two multiplets combine, a field which is strong to one 
may still be weak to the other, for the numerical strength of the 
field is no criterion of whether it is ‘strong’ or ‘weak’ in the 
technical sense. When this happens the pattern is said to be an 
example of the ‘partial Paschen-Back’ effect, to which Sommer- 
feld* first drew attention. 

The diffuse series of sodium and magnesium afford excellent 
examples of this effect, for the interval separating the D levels is 
less than 3/10 cm.”^, while the 2 ^P interval of sodium is 17 cm.“^; 
and so while a field of 40,000 gauss giving a Lorentz unit of 
1 • 9 cm.~^ is strong to the D levels, the P levels still show the simple 
Zeeman splitting. 

Backj has measured some of these lines, and his results are 
shown in Fig. 7-8. The Runge number of the type is always also 
the denominator of the splitting factor of the large interval term, 
a fact which gave rise to the explanation that in the partial 
Paschen-Back effect the small interval term behaves as a singlet 
whatever its true multiplicity. But as the Runge number of 

* Sommerfeld, AP, 1920, 63 221. 
t Back, AP, 1923, 70 370; ZP, 1926, 33 588. 

8-2 
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Fig. 7*8. Partial Pasclieii-Back effect of a diffuse doublet of sodium. Back’s 
observations (ZP, 1925, 33 579) are here compared with Mensing’s calculations 
[ZP, 1926, 39 24). 
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Fig. 7*9. Calculation of the partial Paschen-Back pattern of a line. 

The two components are treated separately, but one assumes that the 
interval is small, and that the patterns fuse. 
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terms subjected to a strong field is uiiity, these facts admit of 
another interpretation; the magnetic components of the small 
interval term may be assumed displaced by {Mj^ + 2Mg)y just as 
they are if the inter v,al is large. 

The second alternative, though more complex, is theoretically 
far preferable, and if the selection and polarisation rules of the 
weak field are assumed still valid, it leads to results which agree 
satisfactorily with experiment. Thus Fig. 7*9 shows the calcula- 
tion for the and lines arranged separately; 

combined, these predict the pattern of the ^P^^D in a magnetic 
field as (0) (1) (2) (3) 1 2 3 4 5 6/3, whereas the observed type is 
(0) (1) (2) 1 2 3 4/3 . The two agree, if it is assumed that three of 
the components predicted are too weak to observe; and this agrees 
with some intensity calculations made by Mensing* on the basis 
of the quantum mechanics (Fig. 7-8). 

More recently Van Geel has shown that the magnesium triplets 
also provide satisfactory confirmation of theory, 

4. Intermediate fields 

The vector model is able to deal only with fields which are 
either strong or weak, but Voigt J early developed a method cap- 
able of predicting the structure of the DiDg lines in any field 
(Fig. 7-2); more recently the quantum mechanics, successfully 
applied to the general multiplet, has confirmed Voigt’s work.§ 

Calculations based on the quantum mechanics support the 
predictions of the vector model in weak and strong fields, but it is 
important to show that they are satisfactory where they are most 
vulnerable, namely in intermediate fields. The only accurate 
measurements available for this purpose seem to be those of 
Back, II who observed three multiplets, a ^P^D multiplet of Cu 
near 5220 A., a ^P^S multiplet of Be at 3322 A., and a ^P^S multi- 
plet of Mg near 5167 A. Recently Green^j has calculated what 

* Mensing, ZP, 1926, 39 24. t 8oe chapter xvii on Intensity. 

X Voigt, AP, 1913, 42 210. Cf. Sommerfeld, Atomic structure and spectral 
lines, 1923, 400f. 

§ Heisenberg and Jordan, ZP, 1926, 37 263; Darwin, 0. G. PRS, 1927, 
115 1. 

II Back, AP, 1923, 70 350. 


If Green, PR, 1930, 36 167. 
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splitting the quantum mechanics predicts for these three Unes, 
and has shown that the agreement is good. 

Here we need examine only one of these multiplets, and choose 
the 2p2D of Cu L In this multiplet A = 6- 90/5 = 1*38 cm.“^ for the 


Position of 
undisturbed 
line 

Position in magnetic field 

Intensities 

Obs. 

Calc, by 
wave 
mechanics 

Calc, by 
old quan- 
tum theory 

Obs. 

Calc, by 
wave 

mechanics 

Calc, by 
old quan- 
tum theory 

6218-200 

18-764 

18-835 

18-863 

1 

1 

1 


•735 

•770 

•800 

6 

3 

3 


•704 

•716 

•737 

7 

5 

6 


-670 

-673 

-673 

8 

8 

8 


•279 

•276 

•295 

7 

7 

7 


•205 

•205 

•232 

10 

10 

10 


•137 

•137 

•168 

10 

9-5 

10 


•085 

•090 

•105 

7 

6 

7 


17-729 

17-727 

17-727 

8 

8 

8 


•644 

•647 

•663 

7 . 

4-5 

5 


•560 

•673 

•660 

1 

2 

3 


— 

•508 

•537 

0 

0-5 

1 

5220-080 

20-857 

20-864 

20-837 

2 

1 

3 


•600 

•615 

•585 

5 

4 

4 


•433 

•474 

•459 

8 

4 

10 


•282 

•354 

•332 

4 

1 

3 


•148 

•235 

•206 

1 

1 

1 


19-969 

19-985 

19-954 

1 

2 

1 


•846 

•846 

•828 

4 

3 

3 


•727 

•726 

•701 

10 

10 

10 


•608 

•604 

•575 

5 

4 

4 


•367 

•356 

•323 

3 

3 

3 

6153-26 

53*652 

53-652 

53-660 

7 

7-5 

% 

7-5 


— 

•599 

-598 

0 

2-5 

2-5 


•292 

•291 

•291 

10 

10 

10 


•228 

•229 

•229 

10 

10 

10 


62-909 

52-921 

52-922 

4 

2-5 

2 5 


•850 

•850 

•862 

9 

7-5 

7-5 


Pig. 7*10. Splitting of a diffuse doublet of copper in an intermediate field. 
Back’s measurements are here compared with the predictions of the old 
quantum theory and the wave mechanics; the interval factors of the ^T> term 
is 6-90/5 = 1-38 cm -i, and of the term 248-3/3 = 82-8. Back used a field of 
37,500 gauss so that o^=l-76 cm."^ 


levels, and 248-3/3=82-8 cm.~i for the levels, while 
^ 771 = l-'76cm.“^ A study of the figures obtained (Fig. 7-10) shows 
that except for one component, 5220-433, the wave mechanics 
gives much better agreement with experiment than the older 
theory; all other exceptions to this statement are faint lines which 
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cannot be accurately measured; the intensities are also distorted 
as the newer theory suggests. 

That so important a theory should rest on a single set of 
measurements appears unfortunate ; but in fact the foundations 
are somewhat stronger than this, for the theory developed for 
gross multiplets applies also to hyperfine multiplets; several 
measurements of the latter are available and these are always 
in satisfactory agreement with theory. 

5. Matching weak and strong terms 

That the Zeeman components of a line are sharp, whatever the 
strength of the field, shows that the energy states must always 
be determined by quantum conditions. If the field is slowly made 
stronger, each of these states will retain its identity, so that a 
Zeeman term will change slowly into a Paschen-Back term. This 
has two consequences; first, the number of terms in a strong 
field must be the same as the number in a weak; and second, a 
state characterised by the weak field quantum numbers L, 8, J 
and M will change to one characterised by the strong field num- 
bers L, 8j Mj^ and , so that we are forced to ask what values of 
J and M correspond to given values of Mj^ and . 

That the quantum numbers do in fact yield the same number 
of orbits in weak and strong fields is easily demonstrated. 
Consider, for example, a term; in a weak field the permitted 
values of J are (L -h |) and (L — |), and as each of these gives rise 
to (2J + 1) components there are (4-L-1-2) components in all; in 
a strong field, on the other hand, Mj^ may assume {2L + 1) values, 
and Mq (28+1) values, so that the number of components is 
(2L+ 1) (28 + 1); and this general expression assumes the value 
(41/ + 2) for a doublet term having 8=^^. The summing of the 
weak field components of multiplicity greater than 2 is a little 
more trouble, but the result is always (21/ -h 1) (28 + 1). 

There remains the second question; what values of J and M 
are to be matched to given values of and M is easily 
determined, for it is simply the sum of Mj^ and J however is 
more troublesome. The theoretical answer was worked out by 
Sommerfeld and Pauli* with the help of the correspondence 
* Sommerfeld, ZP, 1922, 8 257; Pauli, ZP, 1923, 20 371. 
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principle, and confirmed by Heisenberg and Jordan* with the 
(Quantum mechanics. It is extremely simple in form, for it states 
only that levels having the same value of M do not cross in the 
transition from a weak to a strong field. But as this solution is not 
easily worked out in detail, we shall first describe an empirical 
solution due to Breit,t and then show that Heisenberg’s solution 
leads to the same result. 

The components of an term are conveniently fitted into the 
cells of a rectangle, which is (2i-fl) in length and (2;S + 1) in 
depth. Each cell can then be labelled with a unique value of 
and Mg , the values of being made to increase from left 
to right, while the values of Mg increase from bottom to top. 
In each cell inscribe values of M as in Big. 7*11, values of 
{M]^~\-2Mg) as in Fig. 7*12, or values of Mj^Mg as in Fig. 7*13; 
and the only question which remains is ‘ How are we to allot J ? ’ 
Breit answered this question by divi ding the rectangle into alleys 
each one square in width with a right-angled bend in the top left- 
hand corner. The first alley contains eight cells with values of M 
ranging from -3^ to 3^, and these compose the term; the 
second alley has six cells, which compose the term; and 
similarly the other two alleys contain the components of the 
^Dij. and terms. Thus if a component is first defined by values 

of Mj;^ and Mg, so that the position in a strong field is known, 
Breit’s system of alleys fixes J and M, and hence the position 
in a weak field. 

This method may be applied to any term, provided it is 
erect. Should it be inverted the values of and Mg may be 
arranged as before, but the L-shaped alleys must be drawn with 
their angles in the bottom right-hand corner. Figs. 7*14 and 7-15 
illustrate this for an inverted term. 

Breit’s alleys contain the whole solution of the matching 
problem, but certain other ways of arranging the results are 
worth notice. Thus the transition from a weak to a strong field 
may be illustrated by writing the displacements in the weak 
field. Mg, on the left, and those in the strong field, (Jf ^ -h 2Mg),OTi 

* Heisenberg and Jordan, ZP, 192(5, 37 263. 
t Breit, PR, 1926, 28 334; RusseU, PR, 1927, 29 783. 



yil] MATCHING WEAK AND STRONG TERMS 


121 


Xmz 

-2 

-1 

0 

1 

2 

14 

-i 

i 

4 

4 


i 

-4 

-i 

i 

4 

2i 

-i 

-H 

-4 

-i 

i 

li 

-4 

-H 

-2i 

-4 

-i 

i 





1 

1 


Fig. 7-11. The matching of M 2 :, with J in an erect term. The values 

inserted in the body of the figure are + or what is equivalent Mj. 
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Fig. 7*12. Values of (Mj:-f2M,g) in an erect term; the value of J corre- 
sponding to a given value of (Mi,-{-2Ms) is found at the end of the alley, the 
corresponding value of M in the same cell of the previous figure. 
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Fig. 7-13. Values of M fM ^ in an erect term; the values of J and M may be 

found as in the previous figure. 
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Eig. 7*14. The matching of Mx^ and 
Ms with J in an inverted ®P term. 
The values of M are inserted. 
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Fig. 7-15. Values of (Mi + 2Afg) 
in an inverted ®P term. 
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the right of the cell (Fig. 7-16). Back and Land6 used a table in 
this form, but arranged the components according to their J and 
M values, as in Fig. 7-17. 

And how does Heisenberg’s pronouncement, that terms hav- 
ing the same value of M do not cross, fit in with this empirical 
solution? To obtain an answer, consider those components of an 
erect term which have M values of and for these suffi- 
ciently illustrate the argument. There is only one component in 
a weak or a strong field which has M = 3 J, so that these must 
be matched on any theory. When M — \, however, four com- 
ponents having J = 3^, 2^, 1-^ and | have to be matched with 
strong components having 1, 0 and -1; since 

the term is erect, the greatest J will lie highest in the energy scale 
in the absence of a magnetic field, and must be matched with 
2Mg = 2, which lies highest in a strong field; and similarly, 
the component lying second highest in a weak field, namely that 
having J = must also lie second highest in the strong field and 
so have -h 2M^ = 1. These results, as well as those of the other 
two components, are clearly those obtained in Figs. 7-11 and 7-12 
from Breit’s alleys. 

Moreover, the agreement is equally satisfactory when the term 
is inverted. Those components of the term which have M = 1 
have J = 3, 2 or 1 and {Mj^ -i- 2Ms) = 3, 2 or 1 ; but when the term 
is inverted the J = 1 component lies highest, and therefore has to 
be matched with the strong component having Mj^ + 2Mq = Z, 
This is exactly what was deduced in Pigs. 7-14 and 7*15. 

Though Breit’s alleys are so satisfactory for erect and inverted 
terms, they cannot be applied to terms in which the J sequence is 
irregular, terms which are commonly said to be partiallyinverted. 
Such a term is the ground term of tellurium, in which the J = 0 
component hes between those having J values of 1 and 2. Heisen- 
berg’s rule does predict exactly the transition which should occur, 
but it seems that this has not yet been tested by experiment. 

6. Invariance of the g sum 

Among a group of terms all of which have the same value of 
S and M, the sum of the magnetic displacements is the same 
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in a weak as in a strong field.* The sum of the displacements in 
a weak field is simply S Mg summed over all values of J, and since 

j 

M is constant, this reduces to itf S gr. In a strong field the sum is 

j 

+ summed over aU values of and which 
satisfy the condition that ( + Mg) = M. Thus 

SJfgr=: + 

J Ms 

when L, 8 and M are constant. 

This rule is easily tested for the term by summing the vertical 
columns of Fig. 7-18, where it appears that for M = 1 J, 2 \ and 

the sums of the displacements are 2, 6, 7 and 5 respectively. 
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Fig. 7*18. The magnetic displacements of an erect term in weak and 
strong holds, Mg above and {Mi^-\-^M g) below. For a given value of M 
the sum is the same in both holds; this can also be verified in the previous 
hgure. 

The interpretation of this rule in terms of the model is some- 
what obscure, but it clearly makes possible the calculation of g 
without the use of Land6’s formula, that is, without the use of 
* Pauli, ZP, 1923, 16 155. 
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the quantum mechanics. Thus if the values of g for the to 
components are written to , four equations are obtained 

for the four unknowns: 

3i(?3i) = 5. 

The last of these equations gives at once = in agreement 
with Tandy’s formula; and the other splitting factors may be 
deduced from the other equations. 

If two quantities are identical in weak and strong fields, there 
is a strong presumption that they wiU be equal also in interme- 
diate fields. And this is in agreement not only with such measure- 
ments as have been made, but also with Darwin’s deductions 
from the quantum mechanics. 

7. Invariance of the V sum 

The displacements P, due to the coupling of the orbital and 
spin vectors, obey rules which are very similar to those which 
govern the magnetic displacements. 

As Land6* first pointed out, if P^ be summed over all values of 
J and Pgt. over all values of , while M, L and 8 are kept con- 
stant, then the two sums are equal: 

sr^ = sr,t.; 

J Ms 

though the displacement is determined in a weak field by the 
equation 

T^=A,l{J{J+l)-L(L+l)-S(S^l)} (7*6) 

and in a strong field by 

rs,=A.Mj,Ms. ( 7 - 7 ) 

Consider, for example, the term; in a weak field the dis- 
placements for J = 1|, 2| and are - - SA, - ^A and A 

respectively. Arranged by their permitted M values, these give 
the upper half of Fig- 7* 19; in a strong field the displacements 

* Land6, ZP, 1923, 19 112. 
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may be obtained from Fig. 7*13, and inserted by their M values 
in the lower half of Fig. 7-19; the sums written at the foot of 
the two tables are identical. 
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Fig. 7*19. Displacements of an erect term in weak and strong fields, 
^{J {J+l)’-L {L+l)—S {S + l)} above and MiMg below. For a given value 
of M the sum is the same in both fields. 

* 

The r sum rule makes possible the calculation of the F values 
of individual terms by processes of simple arithmetic, though 
without it these values can be obtained only by the methods 
of the quantum mechanics. 
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CHAPTER VIII 


ATOMIC MAGNETISM 
1 . Electronic theory 

If a bar, hung in a uniform magnetic field, sets its length parallel 
to the field, it is said to be paramagnetic; while if it sets per- 
pendicular to the field, it is diamagnetic. In 1895 Curie examined 
a large number of substances and showed that whereas the sus- 
ceptibility of diamagnetic bodies is independent of the tempera- 
ture, the susceptibility of paramagnetic bodies varies inversely 
as the temperature. For this striking difference Langevin* was 
able to account, when ten years later he developed the theory on 
which all more recent speculation has been founded. 

This theory supposes that all substances are diamagnetic, 
though the diamagnetic properties may be masked by a super- 
imposed paramagnetism; for all substances contain revolving 
electrons, and a magnetic field wiU make them precess about the 
axis of the field. This precession, already used to explain the 
Zeeman effect, implies a universal diamagnetism, for a precessing 
electric charge must behave as a magnet, and Lenz’s law insists 
that this induced field shall be directed to oppose the applied 
field. This action is independent of the orientation of the atom, 
for it arises in the individual electronic orbits, so that the sus- 
ceptibility should be independent of the temperature, as experi- 
ment shows it is. 

Though this diamagnetism pervades aU matter it can be ob- 
served only when the molecules are not themselves magnetic, for 
if they have a magnetic moment they will tend to set themselves 
parallel to the field and the resulting paramagnetism will mask it. 
The tendency of individual magnets to set themselves parallel to 
the field will be opposed by the random collisions of molecule with 
molecule; and as collisions become more violent the higher the 
temperature, the paramagnetic susceptibility should decrease as 
the temperature rises. 

* Langevin, J. de Phys. 1905, 4 678; Ann, de Chim. et de P. 1905, 5 70. 
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The above argument is perfectly general and applies to all 
substances, but just for this reason it does not determine the size 
of the magnetic element. Other evidence, however, shows that 
this is molecular or larger, for magnetism is not in general an 
atomic property. Thus the susceptibility of a metal commonly 
changes abruptly on fusion, and even in the solid abrupt changes 
occur at various temperatures, corresponding presumably to 
modifications of the soHd structure; tin is paramagnetic at one 
temperature, and diamagnetic at another. Again, the suscepti- 
bility of a compound cannot be adumbrated from the suscepti- 
bilities of its component atoms; iron carbonyl is diamagnetic, and 
so too is aluminium oxide, though derived from paramagnetic 
oxygen and paramagnetic aluminium; the Heusler bronzes are 
nearly as strongly magnetic as iron itself, though composed of 
aluminium, copper and manganese, all elements of small 
susceptibihty. 

Nevertheless, the magnetic properties of an atom can be in- 
vestigated when it moves freely, as it does in a vapour at low 
pressure or as an ion in solution. Of the gases, only the inert 
gases and a few metaUic vapours are monatomic, and so only 
these give atomic susceptibihties. 

Postponing to the succeeding sections the experimental 
methods and results, consider how the magnetic properties of an 
atom are related to its electronic structure and to its spectrum. 

In the single atom each electron orbit has a certain magnetic 
moment, and if the total angular momentum due to these orbits 
is J in units A/27r,then bythe argument of equation(6-3) the mag- 
netic moment should be 


e h 

2mgC * 27r ’ 


(8-1) 


The Zeeman and Paschen-Back effects have taught, however, 
that the magnetic moment of an atom is not due only to electrons 
revolving about the nucleus, but in part to the inherent magne- 
tism of the electron, so that the actual magnetic moment must 

eh 

be written, not J, but gJ in units . This unit is com- 

47TmgC 

monly called the Bohr magneton; numerically it works out at 
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0*9153 erg gauss"^ ; or if a mol is substituted for a single molecule, 
the magnetic moment becomes 5550 erg gauss”^ mol“^. 

The most obvious consequence of this argument is that when- 
ever J is zero, the atom will be non-magnetio; and, in fact, the 
inert gases and all ions isoelectronic with them are diamagnetic. 
Further, since the Zeeman eflEect has shown that the orientation 
of e/ in the magnetic field is restricted by quantum conditions, the 
magnetic moment should be similarly restricted and should 
assume only the discrete values gM, where as usual 




Beautiful confirmation of this theory is found in the work, 
initiated by Gerlach and Stern, on atomic rays. Measurements on 
ions in solution are also in agreement 
with theory; but they are considerably 
more difficult to interpret, since one 
measures only the average moment of 
ions which are being jostled. 

2. Atomic rays* 

In the experiments of Gerlach and 
Stern a beam of atoms, emitted from 
a small furnace, was first defined by 
two parallel slits and then passed 
between the poles of a powerful 
electromagnet, the pole pieces being 
arranged to give a very inhomogeneous 
field. Thus the lower pole piece is a bar 
cut in the shape of an inverted V and 
the upper is a parallel bar with a 
groove in it; the beam of atoms passes 
parallel to the two bars, between the 
lower edge and the upper groove 
(Fig. 8*1). 

This set-up is still in common use, but recently Eabif has 



Fig. 8*1. The pole pieces xised 
to deflect an atomic ray. The 
Hamburg set-up. After Fraser, 
Molecular rays. 


* For a thorough account of this subject and especially of the experimental 
technique, Fraser, Molecular rays, 1931. 
t Rabi, ZP, 1929, 64 190. 
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developed another arrangement which is better adapted to 
absolute measurements of the Bohr magneton. In this set-up 
the atoms pass between the flat poles of a magnet, and as the 
deflection is foxmd to depend only on the total change in the field 
strength, the latter need no longer be known from point to point. 

The temperature of the furnace 
must be kept low so that the number 
of collisions between atoms after 
leaving the furnace may remain neg- 
ligible; in some experiments on silver 

it was 1020° C. The temperature must 8-2. Elat pole pieces used 
also be accurately known, for it is to deflect an atomic ray. The 
used to determine the velocity of set-up. After Fraser, 

the atoms. After passing through the 

inhomogeneous field the atoms are received on a glass plate; on 
account of the low pressure the trace will often be very faint, but 
various tricks akin to the intensification of an underexposed 
photographic plate have been used to make the traces visible. 

The first experiments, made about 1923, were directed to 
discover whether the atom sets itself in one of a few positions in 
the magnetic field, or whether all orientations are possible. These 
experiments decided in favour of the quantum theory, for when 
the magnetic field was apphed to a beam of silver atoms, the 
beam split in two instead of merely growing wider. 

This question having been decided, recent research has asked 
two more. First, can experiment substantiate the Bohr magneton, 
a umt calculated from independent data? And second, do the 
gj values measured directly agree with those which spectro- 
scopic theory requires? 

The most accurate measurements of the Bohr magneton are 
those of Meissner and Scheffers,* who worked on Hthium and 
potassium; both were shown to have a magnetic moment of 
5552 erg. gauss”^ per gm. molecule, the probable error being 
± ^ per cent. The theoretical value is 5550. Erase rconsiders that 
results accurate to 1 in 500 should be possible.f 

* Meissner and Scheffers, PZ, 1933, 34 48. 
t Fraser, Molecular rays, 1931, 138. 
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The second q-uestion can best be answered byreviewingMende- 
16eff’s classification column by column, but first the precise scope 
of the method must be clarified. It has often been supposed that 
the Gerlach and Stern technique will determine the product gj, 
but in fact it can measure this product only if J is known, for 
consider an atom in a state having J = 1^; if all atoms emitted by 
the furnace have the same velocity, or in a convenient phrase, if 
the rays are monochromatic, then the pattern would consist of 
four equally spaced traces having M= ± J, +1^.* But as the rays 
are not monochromatic, each trace is a band not a sharp line, and 
the two traces on one side of the centre sum to a rather broad 
single trace as Fig. 8-3 shows. 



the rc8iilt of summing these, shown full, is the theoretical trace for an atom 
liiiving J = 1^. The vertical intensity scale and the horizontal deflection scale 
are in arbitrary units. After Fraser, Molecular rays. 


Now the summation trace, shown by a continuous line in 
Fig. 8-3, has only one maximum, and so cannot be distinguished 
from a trace due to atoms having J = l and a different value of g. 
Ihit if J is known and if the beam does not contain any atoms in 
metastable states, the magnetic defleotion determines g uniquely. 

If, however, metastable states are present in the beam, the J 
values of these states are not sufficient to allow the summation 
trace to be interpreted. Besides the J values, one must know in 
what proportions the various states occur in the beam; for- 
tunately gas theory allows these to be calculated from the 
temperature of the source. This method will be illustrated in the 
discussion of oxygen. 

* Rati and Cohen, PR, 1933, 43 582 a, have used a monochromatic beam to 
luoaaaro the nuclear spin of sodium. 
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Hydrogen 

The normal state is , so that a gM value of ± 1 is indicated; 
measurements by Wrede* confirm this with an estimated error 
of 4 to 6 per cent. 

Column la. The alkali metals 

Sodium and potassium have been examined by Leu, f who found 
a moment of l/x^ for both. Taylorf compared lithium with potas- 
sium, and showed that both have the same magnetic moment. 

Column I b. Copper, silver and gold 

Again the normal state is giving a gM value of ± 1. 

Silver was used in the original experiments of Gerlach and 
Stern,§ the observed moment being 1/^^ with an accuracy of 
about 10 per cent. Later, copper and gold were compared with 
silver, and found to have the same moment. 1| 

Column lib. Zinc, cadmium and mercury 

The normal state is ^Sq , so that gM should be zero. 

Leuf investigated these three elements, and found that the 
trace did not widen when the field was applied, thus confirming 
the prediction of theory. 

Column III. Thallium 

The normal state of thallium is an erect term with an 
interval of 7792 cm.-^ 

Gas theory asserts that if atoms exist in two states having 
energies and momenta the numbers present in 

these states are in the ratio of 

(2 4 - 1) : (2^2+ 1) ^ (8.2) 

where k is Boltzmann’s constant; that is, the and ^Pi^ states 
should exist in the ratio of 1 : where Av is the doublet 

interval, measured in wave-numbers. 

In Leu’s experiments the temperature was 980 A., and at this 
temperature the above ratio works out as 1 : 3-5.10”®; so that a 

* Wrede, ZP, 1927, 41 569. t ZP, 1927, 41 551. 

t Taylor, J. B., ZP, 1929, 52 846. § Gerlach and Stem, AP, 1924, 74 673. 

II Gerlach, AP, 1925, 76 163. 




PLATE rV. MAGNETIC DEFLECTION OF ATOMIC RAYS 


1. Traces obtained by Gerlach and Stem in 1921 tising a beam of silver 
atoms and a circular aperture, {a) shows the trace without field; (b) the 
beam split in two by the field. 

2. Traces of a hthiiim beam split in two by a magnetic field. Comparison 
with Fig. 1 shows the improved technique; slits have been substituted for 
circular apertures. 

3. Deflection pattern of potassium obtained by Rabi using flat pole pieces. 
(ZP, 1929, 54 190.) 

4. Deflection pattern of oxygen obtained by Kurt and Phipps; an un- 
deflected trace and two deflected traces appear. {PR, 1929, 34 1357.) 

5. Deflection traces of bismuth at slit temperatures of 910 and 1155° C. 
The undeflected trace visible at the lower temperature is ascribed to 
undissociated bismuth molecules; at the higher temperature the pattern 
consists of two components, not four although the ground state is . 

These photographs have been borrowed from Molecular Rays, 1931, by 
R. G. J. Fraser. 



Plate IV 



n. !)i()° 0, 
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negligible number of atoms are in the state, and the splitting 

should be that predicted for the ^P^ level alone, namely Mg = ± ^ ; 
and this is exactly what Leu* found. 

Column IV. Tin and lead 

The normal state of tin and lead is ^P^; moreover, the intervals 
are large, 1692 cm.”^ in tin and 7817 cm."^ in lead, so that only a 
small proportion of the atoms will be in the metastable ^P^ state. 

Gerlachf investigated the two metals and found that both have 
zero magnetic moment in agreement with this prediction. 

Column V. Bismuth 

The normal state of bismuth is J so that the beam should 

consist of atoms having four moments, namely ± and 
but, as explained above, theory suggests that these will produce 
a symmetrical pattern consisting of only two components. In an 
early research Gerlach obtained an undeflected trace, but this 
seems to have been due to diatomic molecules; Leu and Fraser, § 
using a strongly superheated beam, obtained just the two com- 
ponents predicted. 

Evaluation of the deflected traces gives g a value of 1*46. Now 
a p® term should have ^ = 2 if the coupling is Russell-Saunders, 
but :{ if the coupling is of the (jj) type,|| and as bismuth is a 
heavy element the coupling may be expected to approximate to 
the latter. Indeed, the state has been found to have a g 

value of 1*224^ instead of the 0*8 or 1*47 which the Russell- 
Saunders and (jj) couplings respectively require. Thus experi- 
ment is in satisfactory agreement with theory, but further work 
on the Zeeman effect of bismuth is much to be desired. 

This investigation of bismuth illustrates at once the power 
and limitations of the method of atomic rays; since only two 
traces were observed, the experiment cannot be used to determine 

* Leu, ZP, 1927, 41 651. 

t Gerlach, AP, 1925, 76 163. 

X Of. ohaptc^r xin on the combination of several electrons. 

§ Leu and Fraser, ZP, 1928, 49 498. 

II Of. chapter xviii on abnormal coupling. 

if Back and Goudsmit, ZP, 1928, 47 174. 
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the J value of the ground term; that must be obtained from work 
on spectra; but given the moment of the ground state the method 
is able to determine the magnetic moment. 

Column VI, Oxygen 

The normal state of the oxygen atom is an inverted level, 
with energy values of 

"P2 "Pi "Po 

0 158*1 226-8 cm.-i 

With such small intervals aU three states are to be expected in 
the beam, calculation by the method used for thallium showing 
that at a temperature of 613 A. the relative probabilities are 

:: 5:2-07:0-59. 

The possible ikfgr values for each of the three states are ±3, ± Ij, 
0; + 1^, 0; and 0. The three Mg values of 3, IJ and 0 should 
therefore be present in the ratio 

(3):(4):(0) :: 0-438 : 0-741 : 1. 

Fig. 8-4 shows the theoretical intensity curves for Mg values 
of 1 J and 3 dotted in and labelled B and C\ they are drawn with 
reference to the observed hydrogen curve, A, as standard. The 
summation curve D has but a single maximum, and this corre- 
sponds to an average magnetic moment of 1-7 1 jjL^. Experiment 
is in admirable agreement;* the deflection pattern of oxygen 
consists of an undeflected trace, and two nearly symmetrical 
deflected traces. The deflected traces were measured against 
similar traces for atomic hydrogen, the latter being assumed to 
have a moment of Iju-^; the moment indicated by oxygen traces 
was then l*67jLt_g . 

Column VIII, Iron, cobalt and nickel 

Iron, cobalt and nickel have been investigated by Gerlach and 
his co-workers. At first iron vapour was supposed to be non- 
magnetic, but more recently Gerlachf has interpreted the ob- 
served pattern as showing atoms of many different magnetic 

* Kurt and Phipps, PR, 1929, 34 1357. 
t Gerlach, J, de Phys, 1929, 10 274. 
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moments. And the same seems to be true of cobalt, save that the 
evidence limits the maximum moment to . 



Fig. 8*4. Deflection pattern of oxygen. A is an empirical curve for hydrogen, 
in which = B and O are theoretical curves for atoms having Mg values of 
1 J and 3 drawn against the hydrogen curve as standard. D, the sum of J5 and 
Of is thus the theoretical trace for oxygen. The intensity and deflection scales 
are in arbitrary units. After Fraser, Molectikir rays. 

But the traces obtained with cobalt, like those obtained with 
nickel, have not yet been satisfactorily explained; for the patterns 
apparently show resolved traces due to atoms of different 
moments; and this is contrary alike to the thorough analysis 
given by Fraser* and to the experimental work on bismuth and 
oxygen. 

3. Paramagnetic ions 

Solutions of certain salts, such as nickel sulphate and chloride, 
have susceptibilities which are proportional to the concentration, 
so that the susce])tibility per mol is easily calculated. In other 
solutions whoso susceptibility is not proportional to the con- 
centration, the susceptibility of the ions may be obtained by 


* Fraser, Molecular rays, 1931, 132. 
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extrapolating to infimte dilution. Moreover, the susceptibility of 
a paramagnetic ion is always large compared with that of a 
diamagnetic radical, so that a correction is easily made with 
sufidcient accuracy. Tor example, the susceptibihty of a molal 
solution of nickel chloride at ordinary temperatures is of the order 
of 6 . 10“^, while the diamagnetic susceptibility of the chlorine 
ion is only 1-5. 10“®. 

Though there is reason to think that only certain orientations 
of the elementary magnets are permitted, the random dis- 
tribution of the classical theory may conveniently be considered 
first.* 


Assume that each ion has a moment ju. and that the ions are 
so far apart that they exert no influence on one another. Then the 
number of ions, whose axis makes an angle between 0 and {9-\-S0) 
with the field, wiU be proportional to and to the solid angle 

between cones with semi-vertical angles of 6 and (0-1-8^). k is here 
the Boltzmann constant and E the energy of the ion in the magnetic 
field, namely —fjuHGOsd. 

If the volume under consideration contains n molecules, 


n = 


liH cos 6 

Ce 27Tsmede 


= 2-itC (8-3) 

Jo 

where a = . And the mean effective magnetic moment js of these 

ions is given by the equation 


n]i = 27TG I ^ cos 9 sin ddO, 
Jo 

Dividing the second of these equations by the first, 

gaOOB0 QQQ Q 0^0 




0^0 


(8-4) 


(8-5) 


At ordinary temperatures a is always very small, for even if an 
atom has a moment of in a field of 4.10^ gauss, then a is still 
only 4-7 . 10”^. 


* Stoner, Magnetism and atomic structure, 1926, 71. 
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Accordingly, write — a cos 6, 

cos0d(co8O}-ha coa^0d(co8&) 

Then , 

I d (cos 0) + a I cos d d (cos 6) 

but cos dd (cos 6) = 0, 

I 008^ 6 d {cos 9 ) 
so that u = LLa ~ — ^ 

rd (co8 9) 

Jo 

= lJiaQ08'^9, ( 8 - 6 ) 

where cos^ 9 denotes the mean value of cos^ 9 over the surface of a 
sphere. 

Thus (8-7) 

The magnetic moment induced per mol is however the molal 
susceptibility x> so that 

,0.0^ 

H~3B~T ’ 


where N is the number of atoms per mol and E=^Nk is the gas 
constant. Thus theory accounts for the Curie law, which states 
that paramagnetic susceptibility varies inversely as the absolute 
temperature. 

Accordingly, if the atom may take up any orientation under the 
dual influence of the magnetic field and collisions with other atoms, 
its magnetic moment is 

(8-9) 


This completes the classical theory. The vector model allows, not 
any orientation, but only those determined by the quantum number 
M. Equation S'O however still holds, and as the mean value of 
cos^ 9 is simply the mean value of 


uH 

^~^Wr ' j^- 

In the vector model, 


( 8 - 10 ) 


72 


1 : = 

NfiJ+l iVrv 


.( 8 - 11 ) 
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But spectral theory shows that the magnetic moment of the atom 
is gJiLjii where is the Bohr magneton. Thus 

^ (8-13) 

or gVj{J+l)fXs=^V3M\ (8-14) 

The above interpretation in terms of the vector model is open to 
more than one criticism, but the result is confirmed by the wave 
mechanics.* 

Theory thus shows that if the paramagnetic susceptibility x of 
a solution is due to ions of magnetic moment [jl, which may take 
up any orientation, then the magnitude of the moment is 

(8-9) 

Or if the ions have moments gJ , and may only orientate 
themselves in one of the positions specified by the usual quantum 
conditions, then 

gVJ(J+l)i^^ = ^V^T^ (8-14) 

This theory is tested by applying it to three groups of elements, 
monatomic vapours, solutions of the rare earths and solutions of 
the iron row. It should be applicable also to the palladium and 
platinum rows, but there is very little experimental data. 

The only monatomic gases on which measurements seem to 
have been made are the inert gases and potassium vapour. The 
inert gases are all diamagnetic, as might be expected since their 
ground state is but potassium vapour f is paramagnetic, the 

value of ^VdETx being as it should be if the ground 

state is . 

The rare earths all form in solution ter- or tetra valent ions; 
their ground states are not known, but Hund has supposed that 
all electrons outside the xenon core occupy f orbits, and if they 
do, the ground terms can be calculated; for Hund’s energy rules 
state that of aU terms produced by the f ^ configuration the ground 

* Van Vleck, PR, 1927, 29 727; 1928, 31 587. 
f Gerlaoh, J, de Phya. 1929, 10 273. 
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term has the greatest spin and orbital vectors; when the shell is 
more than half fall the terms are inverted.* 

This theory, as Figs. 8-5 and 8-6 show, agrees very well with the 
experimental values obtained for aU but two of the salts, but the 
values predicted for samarium and europium are outside the 


Ion 

No. of f 
electrons 

Ground 

term 

9 


Experimental moments 
in Bohr magnetons 

gVj(J + l) . 

C. 

St. M. 

deH. 

La»+ 

0 

‘S„ 

p 

0 

— 

Diamagnetic 

— 

Ce*+ 

0 


0 

0 

0 

— 

0-16 

— 

Ce»+ 

1 


n 

T 

2-64 

2-32 

— 


Pr*+ 

1 


41 

T 

2-54 

— 

2-79 


Pr»+ 

1 2 ! 

m. 

4 

If 

3-57 

3-60 

3-47 


Nd»+ 1 

3 


S 

1 T 

3-61 

3-62 

3-51 


Il«+ 

4 

'1. 


2-68 

— 

— 


Sm3+ 

5 


? 

0*85 

1-64 

1-42 

' 

Eu“+ 

6 

’Fo 

0 

o 

0 

3-62 

3-63 


Gd>+ 

7 


2 

7-94 

8-09 

8-12 

. 

Tb»+ 

8 

’F, 


9-73 

9-52 

9-06 

' 

Dy»+ 

9 


ff 

10-63 

10-51 

10-67 

■"* 

Ho»+ 

10 

‘le 

"4 

10-69 

10-48 

10-46 


Er®+ 

11 


rt 

'5 

9-68 

9-46 

9-41 

9-00 

Tu»+ 

12 

ml 


7-56 

7-18 

7-65 


Yb»+ 

13 

"■Fai 

7 

4-52 

4-40 

4-53 

— 

Lu3+ 

14 

‘S„ 

0 

O' 

0 

Diamagnetic 

— 


Hf*+ 

14 

‘S„ 

<» 

0 

0 

Diamagnetic 




Pig 8-6 Magnetic moments of the rare earths. The experimental values are 
from the work of Cabrera (/. de Phys. 1922, 3 443) and Stefan Meyer (PZ, 
1925, 26 51), assuming 4-96 Weiss magnetons to 1 Bohr magneton. The third 
value of ErJ+ is due to de Haas, Wiersma and Capel, K. Akad. Amsterdam, 
1929, 32 738. 

possible error of experiment. Recently, however, Freed has shown 
that at low temperatures the susceptibility of samarium ap- 
proaches the value predicted by Hund; the change which occurs 
when the temperature rises is due to the passage of some ions into 
states with larger moments; of these states there is spectroscopic 
evidence. f Moreover, Van VleckJ has derived a formula for 
paramagnetic susceptibility from the quantum mechanics, and 

* This point is developed in Chapter xiii. 
t Freed and Spedding, N, 1929, 123 525. 
i Van Vleck and Frank, PE, 1929, 34 1495, 1625. 
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obtained values which agree better with experiment than Hund’s 
simple theory, namely l-GOju.^ for Sm®+ and for 

The theory that the ground states of the rare earths contain 
only f electrons is thus confirmed, but a similar postulate applied 



Fig. 8*6. Magnetic moments of the rare earths; the curve gives the predictions 
of theory, the points the experimental values of Cabrera © and S. Meyer x . 
After Laporte and Sommerfeld, ZP, 1926, 40 338. 

to the iron row is much less satisfactory. However, one fact at 
least is clear, the susceptibilities are dependent only on the 
number of electrons and not at all on the atomic number; K^", 
Ca®"*", Sc®+, Ti^+ are all diamagnetic, while V^+, Cr®+ and Mn^+ are 

all paramagnetic and yield for ^^/ZRTx values between 3-8 

and 4-0/X3. 

If the ions of the iron row contain only 3d electrons outside the 
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argon shell, and Hnnd’s energy rules are valid, the magnetic 
moments can be calculated. In fact prediction does not agree 
well with the empirical values, and various explanations have 
been sought. As the intervals are smaller than in the rare 
earths, some meta-stable states may be present ; so instead of 
assuming the intervals infinite Laporte and Sommerfeld* calcu- 
lated the moments on the second hmiting assumption that the 
intervals of the ground terms are zero (Figs. 8- 7-8- 8). 


Ions 
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Diamagnetic 

0 

V4+ 

1 

‘On 

1*65 

2-76 

1*7 

1*73 

v»+ 

2 


1*63 

4-03 

• 2-4 

2-83 

V“+, Crf+, Mn*+ 

3 

‘Jn 

0-77 

4*52 

3-8. 4-0 
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7 
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3-87 

Ni»+ 

8 

»Fo 

6*59 

4-03 

3-2-3*4 
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3*55 

2*75 

1-8-2-0 

1-72 

Cu+, 2;n»+ 

10 

% 

0 

0 

Diamagnetic 

0 


Fig. 8*7. Magnetic moments of the first twelve elements of the iron row. 


The two curves thus obtained coincide at three points, namely 
at Cu2+, Mn2+ and Zn^^, where the groimd states are ^Sq , and 
^So; and at these three points experiment confirms the values 
predicted. For the rest the experimental curve may be expected 
to lie between the two curves, one giving the atomic moments if 
the ground states have Av = oo and the other the moments if 
Av = 0. In fact all but two of the experimental values do satisfy 
this condition, but these two— for the cupric and nickelous ions 
— are very difl&cult to explain away. 

There is, however, one other consideration which has been too 
often forgotten. Ions in solution are usually hydrated; of this 
there is abundant evidence; and accordingly the moments wHch 
are measured are the moments of hydrated, and not of the free, 
ions. Thus the chromic ion in solution is the complex Cr(H20)j + 
* Laporte and Sommerfeld, ZP, 1926, 40 333. 
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Pig. 8-8. Magnetic moments of the first twelve elements of the iron row. The 
points are empirical; the curves give the predictions of theory according as 

(а) the spin alone is active ; 

(б) J is active and the splitting of the ground terms wide ; 

(c) J is active and the splitting narrow . 
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and not the atomic Cr®+ oocuxring in a vapour.* If the two are 
identical in the rare earth elements, it is only because in them the 
incomplete electronic shell hes deep within the atom, and so 
remains uninfluenced by any water molecules which attach 
themselves to the exterior. Van Vleckf suggested that this 
presence of an ionic atmosphere might restrict the freedom of 
the orbital vector, while leaving the spin vector free ; if this is 
true then the paramagnetic susceptibility should be a function 
of 8 instead of J, and instead of equation (8- 14) , we should have 

g {8) V8{8+1) = ^ VMTx , (8- 15) 

where g[S) is the magnetic splitting factor of the spin, namely 2. 
Actually this equation gives better agreement than the other 
hypotheses, but the orbital vector still contributes something, 
and deviations from equation (8-15) are therefore observed.^. 

What little work has been done on the palladium and platinum 
rows serves to emphasise this warning j the magnetic moments of 
the Ru3+ and Ir^+ ions, which should both have ground terms, 
are 1-98/XjB and instead of the 5*88^jc, which theory dic- 

tates; and this is the more surprising as this particular value is 
accurately confirmed by measurements on Mn^+ and Fe^+. But 
Guthrie and Bourland,§ in what seems to be the only recent 
paper on these rows, go on to show that some compounds do not 
even obey the Curie law, so that the simple theory reveals itself 
as wholly inadequate. 
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CHAPTER IX 


STARK ERRECT 

1. Experimental 

The effect of an electric field on the emission of spectral lines was 
first demonstrated by Stark in 1913,* and in the following years 
he brilliantly measured the fine structure and polarisation in 
hydrogen and some other elements. Though the splitting of the 
hydrogen lines was explained by the quantum theory as early as 
1916, the patterns produced in other elements hare not led to 



rn 

Slit of 
Spectroscope 

Pig. 9*1. Discharge tube used to observe the transverse Stark effect. After 
Andrade, The structure of the atom, 

results of general interest, so that the Stark effect has remained 
a backwater, unvisited by most spectroscopists. In contrast the 
Zeeman patterns are in the main stream of progress. 

That the electric field would influence the emission of spectral 
lines had been predicted in the early years of the century, when 
the Zeeman effect was being worked out, but experiment has 
always been extremely difficult; a field of 100,000 volts/cm, 
cannot be applied to a Geissler tube, because Geissler tubes are 
comparatively good conductors and the field simply collapses. 

* Stark, APf 1914, 43 965, 983. [Por a recent account see Stark, Hb. d. Expt, 
Phys. 1927 21. 
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Stark therefore used the light emitted by a canal ray tube in the 
layer just behind the perforated cathode (Fig. 9-1). By placing a 
second electrode F parallel and close to the cathode, he was able 
to produce a uniform and measurable field in a space of a few 
millimetres; a very large potential gradient can be maintained, 
because the free path of the ions is much greater than the distance 
between the plates, so that very few ions are produced by collision . 

Shortly after Stark’s long efforts had met with success, Lo 
Surdo showed that the splitting is visible in front of the cathode, 
where the canal rays fall through the strong field, which exists 
between the negative glow and the cathode. The intensity is 
much greater in front than behind, so that the Lo Surdo 
technique is commonly used in analysis, but it is not so well 
adapted to accurate measurement.* 

2- Splitting of hydrogen lines 

In an electric field the hnes of the Balmer series split into a 
number of components, and these are arranged symmetrically 
about the position of the undisplaced line. When viewed along a 
line normal to the electric field, all components appear polarised 
either parallel or perpendicular to the field just as in the Zeeman 
effect; and nothing new is learnt by viewing a new pattern along 
the axis of the field, for the tt components are then invisible and 
the G components are unpolarised. 

The displacements of the components are proportional to the 
applied field t and are simple multiples of a fundamental interval; 
moreover, when expressed in wave-numbers this interval is the 
same for all lines, being 6*45 cm.-^ in a field of 100,000 volt/cm. 
Provided with this key the structure of the four visible lines of 
hydrogen may be read from Fig. 9-2; this figure draws attention 
also to two other regularities ; the number of components increases 
with the series number of the line, while the intense n components 
lie in general on the outside of the pattern, and the intense a 
components towards the centre. 

* Lo Surdo, Mend. d. Lined, 1913, 22 604; 1914, 23 82, 143, 262, ,326. 

t Stark, AP, 1916, 48 193. For a small deviation from proportionality in 
intense fields, see Traubenberg and Gebauer, ZP, 1919, 54 307; 56 254; lahida 
and Hiyama, Inst, Phys. and Ghern. Tokyo iSci. P. 1928, 9 1. 
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Fig. 9*2. Splittmg of the Balmer lines of hydrogen in an electric field. These 
patterns are based on Schrodinger’s theory, which Foster’s observations confirm, 
very closely. A triangle indicates a component so weak that if drawn to scale 
it would be invisible. 
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Theory accounts for these patterns very satisfactorily.* In an 
electric field, a hydrogen level is displaced by 


AJEIch = 




where s is defined by the equation 


8=71-1 — 21^-1711, 

And mi assumes a series of integral values, subject to the 
condition 

0 < < Z. 

In these equations and e are the mass and charge of the 
electron; n is the chief quantum number, which determines the 
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Eig. 9-3. Quantum numbers and energies of the Stark levels of a hydrogen 
atom having n = 3. 

major axis, and F is the field strength in e.s.u. h, Z and c are 
Planck’s constant, the atomic number and the velocity of light, 
respectively. Thus in a hydrogen-like atom all levels and all lines 
will be displaced by a simple multiple of the fundamental interval 
iiiF 

— . and it is iust this interval which experiment reveals. 

A recent measurement gives the interval a numerical value of 
6-44 cm.“^ in a field of 100,000 volt/cm., while theory dictates a 
value of 6*45 cm.“^t 

* Epstein, AP, 1916, 60 489, arrived at this result, but wrote his quantum 
numbers to convert these to the notation of this book, -write 

= 723=^1. Kramers,ZP, 1920,3 199, used the quantum 

numbers of this book, but wro-te them w, % and is the chief quantum 
number, 71 ^ = 1 and P^^^h neglect the spin of the electron so that 

For a recent account see Minkowski, Hh. d. Phys. 1929, 21 393. 

•\ Kassner, ZP, 1933, 81 346, 
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Some of the hydrogen orbits dictated by this equation are 
calculated in Fig. 9*3 and shown diagrammatically in Fig. 9 * 4 . 
The numbers of states having the same n, but different values 
of I or mi, is ^ (71+ 1), but some coincide so that the number of 
energy levels is only {2n— 1). 


71 S. 

1 9 

m 

c\ 

A 1 

4 

- n 

n 



.5, 1 

n 

— ft 

1 

O 

-12 

0 


6 0 

3 1 

3 0 2,0 

-3 1 

-6 0 



1 0 0 

Fig. 9-4. Energy levels of a hydrogen atom in an electric field. 

Passiug from levels to lines, transitions are permitted only if 
Am^ = 0 or ±1. 

When Am; = 0, the lines produced are polarised parallel to 
the field, while when Am;= + 1, they are polarised circularly 
in a plane normal to the field; the transitions with. Ami= 1 
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give light circularly polarised in one sense, those with Am;= — 1 
in the opposite sense, but in the Stark effect the two oppositely 
polarised waves are always emitted together. The permitted 
transitions for the hne are calculated in Tig. 9*5 and shown 
diagrammaticaUy in Fig. 9*6. 

The intensities have been calculated by Schrodinger using the 
quantum mechanics,* and some measurements by Foster and 
Chalkf provide satisfactory confirmation of theory. The experi- 
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Fig. 9*6. Calculation of the Stark components of Ha. 


mental difficulties however are great, for within a single Balmer 
line the intensity ratio of two components may be more than 
1000 : 1, and ratios of this order cannot be measured; accordingly 
the authors worked only on components whose relative intensity 
was not more than 5:1; some of their results are shown in Fig. 9*7. 

More recently Thornton J has worked with a trace of hydrogen 
in an inert gas, as this seems to offer the nearest approach to 
that ideal in which each atom would radiate undisturbed by 

* Schrodinger, AP, 1926, 80 457. 

t Foster and Chalk, PR8, 1929, 123 108. 

X Thornton, PBS, 1935, 150 259. 
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Fig. 9*6, Transitions producing Ha in an electric field. Transitions producing 
IT components are dotted, those producing o components drawn full. 
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Fig. 9-7. Intensity ratios of some components of three Balmer lines, 
a Stark, AP, 1915, 48 193. 
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other atoms. Small variations have been observed from the 
simple Epstein theory, but these are mainly due to the fine 
structure, which exists in zero field ; the changes occurring as 
the field is increased were sketched by Schlapp* and these have 
been confirmed. 

3, Elements other than hydrogen 

The most commonly observed result of switching on an electric 
field is that lines appear which the selection rules forbid. f But in 
addition an electric field displaces the lines of the spectrum, and 
splits them into a number of components. In the Zeeman effect 
the individual components are displaced, but the pattern is 
symmetrical about the position of the undisplaced hne; in the 
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Fig. 9-8. Theoretical displacements of the 4922 and 3966 A. line groups of 
helium. These groups arise as 4 iL-^2 and 4 iL->2 ^S; though the displace- 
ments are the same, the components which appear and their empirical polarisa- 
tions are different. 

Stark effect the pattern is not symmetrical and all the components 
are commonly displaced in the same direction, for the displace- 
ment is commonly much larger than the splitting; thus in many 
spectra low resolution reveals only the displacement. As in 
addition the laws which govern the displacement and splitting 
are different, the two phenomena are best treated separately. 

To clarify these statements, consider the helium lines 4922 A. 
and 5047 A., J which arise as 4iD->2^P and 4^S->2^P. In an 

* Schlapp, PJRJS, 1928, 119 313. 
t Koch first observed this, 4P, 1916, 48 98. 
t Foster, PBS, 1927, 117 146. 
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electric field two new lines appear nearby with wave-lengths, 
which show them to arise as 4 -> 2 and 4 -> 2 ^P transitions, 

both previously forbidden. Thus in an electric field, we deal con- 
veniently with a group of fines; this particular group is said to 



Displacement in cm7 


Fig. 9*9. Displacements of the 4922 A. line group of helium in various fields. 
The curves give the predictions of theory, the points are experimental. After 
Foster, PBS, 1927, 117 160. 

arise in the transition 4 ^ 2 ^P, where L is an abbreviation for 

S, P, D or F. The displacements of the group are tabulated in 
Fig. 9*8 and shown graphically in Fig. 9*9, the tt components 
appearing above and the cr components below. These displace- 
ments are derived from theory, but the experimental points 
inserted on the graph agree so closely with theory that the dis- 
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tinction is here unimportant. The spUtting shown has its origin 
entirely in the upper level, for though the 2 term splits, theory 
shows that even in a field of 100,000 volt/om. the interval is only 
0-05 cm.-i This last is not a feature peculiar to the 4922 A. group; 



Displacement in cm, ' 


Pig. 9-10. Displacements of the 3966 A. line group of helium; th® 0^7®® 
theoretical, the points experimental. After Poster, PRS, 1927, 117 

the electric field usually splits the upper levels more widely than 


the lower. 

These observations can be confirmed by an examination ot the 
3965 A., 4iP^2iS line (Fig. 9-10), for in an electric field three 
new lines appear to complete the group 41 Lh- 21S, and the dis- 
placements of these four lines are identical with those of the 
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4922 A. group. In this group the large displacements may weU 
be contrasted with the small splitting intervals; in a field of 
100,000 Yolt/cm., the 4^P level is displaced by 30 cm.'"^ but split 
by only 10, and for the 4^0 level the corresponding figures are 
40 and 4 cm.“^ 

Though the displacements of the 4^L->-2^P and 4^L-^2^S 
groups are identical, the number and polarisation of the lines are 
different; for there are selection and polarisation rules yet to be 
considered. The correspondence principle shows that if an electric 
field is substituted for a magnetic, the change being adiabatic, the 
individual levels never lose their identity.* Thus the number and 
polarisation of the components can be defined by laws analogous 
to those valid in the magnetic field; the quantum number 
which measures the component of J in a direction parallel to the 
magnetic field, measures also the component of J parallel to the 
electric field; but in an electric field the energies of the two states 
with the same numerical value of M are identical; states defined 
by ±Ar coincide. As in the Zeeman effect, the selection rule 
requires that M shall change only by 0 or ± 1 ; while when the 
pattern is viewed across the field, transitions in which Aikf is zero 
produce tt components and those in which AAf is ± 1 a com- 
ponents. When viewed parallel to the field, the two circularly 
polarised components coincide, for they arise in terms having the 
same numerical values of M, and as they rotate in opposite 
directions they combine to give unpolarised light. Further, in 
simple spectra the transition from ilf = 0 to Af = 0 is forbidden, if 
the simultaneous change in ( J — i) is uneven. 

In singlet series the number of components increases with the 
orbital vector of the transition; in an L-->L transition, there are 
(L-hl) TT components and 2L a components; while when a term 
defined by L combines with one having a larger orbital vector, 
there are {L+Vj^r components and {2L + 1) o- components. Level 
schemes designed for lines of the principal, sharp and diffuse series 
illustrate this statement (Fig. 9-11); while when the 4922 A. and 
3965 A. groups are re-examined, the transitions observed are 
found to be just those predicted (Fig. 9-12). 

* Kramers, ZP, 1920, 3 199. 
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Though theory is so successful with singlets, there is still some 
doubt just how it should be applied to multiplet lines. In some 
P->S absorption lines of sodium* and potassiumf, this theory is 
satisfactory; but in neonj Foster and Rowles have shown that the 
patterns displayed by triplet lines are often identical with those 
displayed by singlets, and that the former are never more com- 
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Pig. 9-11. Number and polarisation of the components into which the lines of 
various singlet series may be expected to split. 

plicated; and this naturally suggests that in the theory 
should be read for Mj . To meet this difficulty Poster and Rowles 
suggested that the field is really 'strong’ in the technical sense, 
and that the splitting is therefore determined by Mj^ and ; if 
to this we add that is so little affected by the electric field that 

in fact the complexities, which it should introduce, do not appear, 
the divergence between theory and experiment is avoided. In 
close analogy with the Zeeman effect, this theory commonly 

* Ladonburg, ZP, 1924, 28 51. 
t Grotrian and Ramsauor, PZ, 1927, 28 846. 
t Foster and Rowles, PRS^ 1929, 123 81. 
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assumes that the (LS) coupling is broken when the multiplet 
interval is much smaller than the spKtting due to the electric 



Fig. 9*12. Level diagram of the 4922 and 3965 A. line groups of helium. The 
TT components are dotted, the a components drawn full. 

field. In their analysis of xenon, however, Harkness and Heard * 
found no support for this hypothesis. 

In xenon, lines of the sharp, principal and fundamental series 
seldom yield more than one unpolarised component, showing that 
* Harkness and Heard, PjR/ 9, 1933, 139 416. For Kr : Ryde, ^P, 1933, 83 354. 
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these states are not resolved by the field and spectroscopic 
dispersion used. On the other hand the diffuse lines are usually 
complex, and of the states producing them sixteen were examined 
in detail; in three p and eleven d states, the number of Stark levels 
is determined by Mj as theory requires, but in two d states the 
number is determined by (Fig. 9*13). This would raise no 
difficulties if we could assume that in the former the (LS) coupling 
holds and in the latter breaks, but unfortimately the two states, 
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Fig. 9-13. Examples of the splitting of the lines of xenon in an electric field. 
(d) Two components not resolved on the plate measured. 


Sdg and Gdg, whose levels are determined by Mj , differ in no 
systematic way from the other fourteen levels. Moreover, when 
the field increases from zero to 67000 volts/cm., no sign of a tran- 
sition from one type to the other is observed. This result, com- 
bined as it is with a consistent failure to observe the complexities 
theoretically due to , seems to rule out a Paschen-Baok effect 
on the magnetic model, but what is to be put in its place is not yet 
clear. 

Passing from the splitting to the displacement, the rule usually 
given to predict its magnitude is due to Bohr; * a term shows a 
large displacement when its quantum defect is small; this occurs 

* Bohr, PM, 1914, 27 506; Proc. Phys. Soc, 1923, 35 300. 
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when the energy approximates to that of a hydrogen term, and 
the orbit does not penetrate the core. Thus in the alkalis a D 
term has a much smaller quantum defect than a P or S term, 
so that in the weak electric field, which is commonly produced 
by surrounding ions, lines arising in a D-?-P transition appear 
‘diffuse’, while lines arising in an S^P transition appear 
‘sharp’. 

This rule is satisfactory in many simple spectra, but in complex 
spectra it is often erroneous; indeed Pauli* and Condonf have 
shown that it is only a special case of a more general law. Accord- 
ing to the wave mechanics, large displacements will occur when 
two terms, which are so related that the selection rules allow them 
to combine, have nearly the same energy. As low configurations 
seldom overlap, this explains why Stark displacements are con- 
fined to the higher levels ; in Xe i not one of the Is, 2p or 3d states, J 
the final states of aU optical fines, is displaced, unless indeed all 
are displaced equally. Moreover, Condon has applied this theory 
to previously uncorrelated measurements in Nil, Lii, On and 
A I, and has shown that it describes them admirably, though of 
course the description is little more than qualitative. § 

To illustrate this theory consider the rather complex spectrum 
of nickel, in which Takamine|| observed the Stark displacements 
a decade before Russell^ conducted an analysis. Of the fifty lines 
measured, only some twelve are available for the present purpose , 
for Russell’s analysis did not identify aU the fines. The initial 
states of these fines are developed from the 3d® 4d or the 3d® 4s 5s 
configurations, and fie between 49000 and 61000 cm.-i above the 
ground level; while the final states arise in the 3d® 4p or 3d® 4s 4p 
configmrations, and fie between 25000 and 33000 cm.-^ At the 
latter height there is no even configuration, so that the whole of 
the observed displacement may be assumed due to the high levels, 
which are intermingled with odd terms from 3d® 5p. 

♦ PaaU, Hb. d. Phya. 1926, 23 138. f Condon, jPiJ, 1933, 43 648. 

J The notation here is Paschen’s; see chapter xiv. 

§ The agreement in Xe i is also satisfactory. Harkness and Heard, PBS. 
1933, 139 430. 

II Takamine, AJ, 1919, 60 23. No spUtting of the lines was observed 

If Russell, PB, 1929, 34 821. 
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Fig. 9-14 provides satisfactory confirmation of two predic- 
tions. Of the fines available only three are displaced to lower 
wave-numbers, and all three arise from terms which have a per- 
turbing term lying close above them in the energy scale. Secondly, 
having arranged the lines so that the interval between per- 
turbing term and perturbed increases, the displacement shows a 
general tendency to diminish; the sequence is not very regular, 
but with the exception of the 5156 A. line, it is perhaps as good as 
can be expected. 

At the bottom of the table is added a fine, 5142 A., to which 
Russell gave two alternative assignments. If in fact it arises from 
the f term, the theory of the Stark effect would suggest a 
strong upward perturbation, whereas if it arises from f the 
perturbation would probably be small, since the nearest terms 
are distant and there is one on either side. As the actual Stark 
displacement of 5142 A. is quite small, there seems no doubt that 
the second alternative is correct. 

Condon claims that this is the first time a doubtful point in the 
analysis of a complex spectrum has been settled by use of ari 
electric field, a fact which perhaps explains why so few people ever 
read a chapter on the Stark effect. 
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CHAPTER X 


THE PERIODIC SYSTEM 

1 , The table 

If the elements are arranged in order of increasing atomic number, 
and the atomic volume plotted, a periodic curve is obtained 
(Fig. 10*1); and if for the atomic volume one substitutes the 
melting point, the coefficient of expansion, the atomic refraction 



or the electrical conductivity, the periodicity remains. It appears 
too in chemistry j lithium resembles sodium more than any inter- 
vening element, and the same is true of carbon and silicon, and of 
fluorine and chlorine; thus if eight steps are taken from a given 
element, the element reached resembles that from which the 
start was made. This ‘ law of octaves ’ was stated by Newlands in 


CAS 


II 
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1864; to-day it needs revision only in that 18 or 32 must be sub- 
stituted for eight in the later periods. Certain properties thus 
suggest that the 92 elements may be divided into seven periods, 
so chosen that each of the first six ends in an inert gas. This gives 
the table in the form shown in Fig. 10-2. 

Within the periods the properties are regularly graded. 
Lithium is the first of seven elements: 

Li Be B C N 0 F 

in which the change is from metallic to non-metallic. Lithium is 
the most electropositive element and fiuorine the most electro- 
negative; beryllium is less electropositive than lithium, but more 
electropositive than boron. Fluorine is followed by the inert gas 
neon, and thereafter comes sodium, which is the analogue of 
hthium and starts the next period: 

Na Mg A1 Si P S Cl 

Each member of this period is the analogue of the corresponding 
element of the previous period, and chlorine is followed by the 
inert gas argon. 

Between potassium, which follows argon, and its analogue 
rubidium 17 elements intervene: 

K Ca Sc Ti V Cr Mn Fe Co Ni 

Cu Zn Ga Ge As Se Br Kr 

In this period two blocks of seven elements occur, in which corre- 
sponding members resemble the similarly situated members of 
the short period. Chemists have usually therefore followed 
MendeleefE and placed the second seven below the first, leaving 
three transition elements, iron, cobalt and nickel, in the eighth 
colunm (Fig. 10-3). (I have used the word ‘column’ instead of 
the more usual ‘group’, because I have had to use ‘group’ in so 
many other senses.) Some of the similarities, however, are much 
less striking than in the earlier periods; potassium is as like sodium 
as sodium is like hthium, but almost the only link between these 
elements and copper is that on occasion all are monovalent. And 
though bromine is closely similar to chlorine, manganese is 
related only by a few heptavalent compounds. Accordingly 
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chemists have divided each column into two, and have placed 
elements of the first half-period in subcolumn a and elements of 
the second half-period in subcolumn 6; the ‘typical’ elements of 
the second and third periods are placed in that subcolumn whose 
members they most resemble. 

This alternative arrangement may relate like with like, but it 
emphasises rather than hides a fundamental difficulty; the con- 
nections and arrangement depend on the property considered ; if 
this is atomic volume one arrangement is best, if valency another. 
Later, when the electron configurations are built up, these 
complexities will be in part explained; for the present we may 
underline this difficulty in noticing that Bohr* preferred the first 
table, in which all elements of a period lie in the same horizontal 
row, and related elements are joined by fines. The elements from 
scandium to nickel, which appear rather as an intrusion, he en- 
closed in a frame; and in fact these ‘frame’ elements, with the 
similar elements of the later periods, are in themselves a unity, for 
they are distinguished by two physical and two chemical pro- 
perties; their salts are commonly paramagnetic and coloured; 
while chemically they exhibit different valencies and are active 
as catalysts. This unity may or may not be important; sufficient 
here to note that the one table emphasises what the other 
ignores. 

The fifth period is so like the fourth that the mere table is 
sufficient description; it begins with rubidium and ends with 
xenon. 

The sixth period also resembles the fourth, but into the middle 
of it intrude fourteen rare earths, whose chemical properties are 
so alike that they can be easily identified only by their spectra: 

Cs Ba La Ce-Lu 

Hf Ta W Re Os Ir Pt 
Au Hg T1 Pb Bi Po 85 Rn 

The first of the rare earths is cerium, which follows lanthanum in 
the sequence of atomic number, and the last lutecium, which 
precedes hafnium. For these elements no place can be found in 


* Bohr, Theory of spectra avd atomic constitution, 1922, 70. 
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Fig. 10*3. Periodic table after Mendel6eff. 
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the Mendel6e£E table, at least if the regularities of the table are to 
be preserved; even the transition elements, occurring as they do 
three in one column, are a serious difficulty. 

Within the columns only similarities have thus far been em- 
phasised, but in fact the properties vary regularly with the 
atomic number. In general the elements grow more metallic as 
the atomic number increases; lead is more metallic than carbon, 
and bismuth than nitrogen, but subcolumns 16 and II 6 seem to 
be exceptions to this rule. 

2. Valency 

Valency as originally introduced is merely a number. The 
valency of an element is the number of monovalent atoms with 
which an atom of the element combines, a monovalent atom being 
at first hydrogen or chlorine. Without going further than this 
simple definition, valency is seen to be a periodic function of the 
atomic number, for typical compounds of successive columns of 
the system are 


NaH 

CaHj 


CH^ 

NH3 

H3S 

HCl 

KCl 

MgCla 

AlClj 

SiCl4 

PC15 

WCI3 

PdCl4 

K^O 

CaO 

AI2O3 

C02 

^ 2^5 

SO3 

CI2O7 OSO4 


Thus the hydrogen valency rises from one to four in the first half 
of the period and then sinks again to one, while the chlorine and 
oxygen valencies rise steadily from one to eight in successive 
columns; though in the elements which succeed phosphorus 
lower valencies are known. Osmium forms OsPg though no 
octachloride is known. 

The hydride of boron has the formula BaHg , when we might 
expect BHg , and closer examination reveals a host of such petty 
irregularities; but these excrescences do not hide the essential 
simplicity of the scheme. When, however, one no longer remains 
content with the question, ‘ How many atoms combine ? ’ and asks 
instead 'How do atoms combine?’ the petty irregularities, so 
characteristic of chemistry, obtrude themselves provokingly. In 
recent years, however, chemists have found that there are two 
types of compound, which differ so profoundly that one may 
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suspect that the mechanism which holds the atoms together is 
different. These two types are known as* 

( 1 ) Electrovalent compounds, which ionise in water and are 
formed by the electrostatic attraction of ions. 

( 2 ) Covalent compounds, which do not ionise in solution; 
organic compounds are typically covalent. 

The properties by which these two types may be recognised 
must be mastered before their structure can be satisfactorily 
explained.f A covalent bond is a definite directed hnk extended 
as a man might extend a hand to a friend, whereas electrovalency 
is a vague general attraction like that exerted by a Hyde Park 
orator over his crowd. Prom this essential difference three 
consequences arise. 

Co valency is directed, electro valency is not; so that only 
covalent compounds can possess isomers or stereo-isomers. 

A covalent bond is not broken in solution, whereas a solvent of 
high dielectric constant will greatly reduce the force between two 
electrostatic charges. The most satisfactory test here is electro- 
lysis, but any method which can be used to measure molecular 
weight, such as the cryoscopic, can be used also to discover 
whether a compound dissociates. Again one may test for a single 
ion, as by adding an alkaline halide to a solution suspected of 
containing silver ions; for example, the soluble silver thiosulphate 
Na[S203Ag] gives a precipitate with sodium iodide, but not with 
sodium chloride, showing that the silver is almost wholly in a 
covalent state, but that a minute quantity of the complex ion 
dissociates liberating silver ions. 

* Sidgwick, f^kctronic theory of valency, 1029, r)2f; Si(lgwi(^k, The covalent 
link in chemistry, 1933, (il. JVlaiiy chomints, liowovor, think that oloctrovalont 
and covalent compounds aro tho oxtronuvs o! a eontinuouH range; HharpdiviHion, 
they say, is no more possible h(‘.ro than between yellow and green in tlw^ spc^etruin. 

Van Arkol and do ilotu* in Chemische Bindwmj a Is eleHroslalischc E 
ung (derman translation from the Dutch by L. and W. Klemm, 1931) treat 
all compounds as eloetrovatvnt, a.nd <^xpla.in the e.liara,c.tta-istie covalent pro- 
perties as ooeurring when the central ion is surrounded, d’his draws attontiou to 
(Hirtain interesting relations betwetui the size of th(‘. ion and the valtaiey type, 
but it is dinieult to see how two ions ean ‘surround’ a third however large they 
are, yet iJeCl 2 is (covalent; and the contrasting pro})ortics arc not satisfactorily 
explained. The authors make no reference to Sidgwick’s book. 
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A covalent bond again usually so satisfies both atoms that there 
is no external or stray field, whereas when two ions unite a stray 
electric field exists round the pair. By an appropriate ^head to 
tail’ arrangement the molecules of an ionised compound can 
reduce this stray field, but the work required to separate the 
molecules is greater in consequence. Accordingly, an ionised 
compound has to be raised to a much higher temperature than a 
covalent one before it boils, and in general it dissolves but little 
in an inactive solvent, such as benzene. These properties divide 
the hydrides into two distinct groups. Methane, CH 4 , and 
hydrogen chloride are volatile and hardly conduct when pure; 
they are therefore covalent compounds. Sodium hydride and 
calcium hydride, on the other hand, are non-volatile, and are 
good conductors when fused, hydrogen being liberated at the 
anode on electrolysis; they are therefore salts containing a 
negative hydrogen ion. The halides too can be divided into vola- 
tile non-salts and non-volatile salts, and in these two classes the 
efEect of increasing the atomic weight of the halogen is different. 
Silicon fluoride and sodium fluoride are typical. 


Boiling points in ° C. 7 60 mm. pressure 


NaF 

NaCl 

NaBr 

Nal 

1695° 

1441° 

1393° 

1300° 

SiF* 

SiCl 4 

SiBr^ 

Sil 4 

-90° 

57° 

153° 

c. 290° 


In normal substances the boiling point rises with the molecular 
weight, and in the non-polar halides this actually happens; but in 
the salts the electrostatic attraction of the charged ions is the 
determining factor, and as the charges are the same the force 
must diminish as the atomic diameter of the halogen increases. 
The absolute boiling points of the sodium salts are roughly in 
inverse ratio to the distances between the atomic centres as 
determined from X-ray measurements. 

In solution similar considerations arise; the mutual attraction 
between the ions of a solid tends to make it as little soluble as 
volatile; but a solvent of high dielectric constant like water 
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diminishes the forces between the ions and may also promote 
solution by combining with the ions. This explains why salts, 
whose vapour pressure at room temperature is infinitesimal, may 
yet be very soluble in water; sodium chloride, for example, does 
not boil until 1441° C. A solvent, however, which is both saturated 
and of low dielectric constant, such as paraffin or benzene, has 
but slight chemical or physical effect, so that it cannot overcome 
the attraction of the ions and salts do not dissolve. 

These criteria suffice to distinguish many simple compounds 
as either ionic or covalent. How are these two types to be 
explained in atomic theory? 

In the ionic type Kossel* pointed out that the electropositive 
partner is commonly situate soon after an inert gas, while the 
electronegative partner is situate before; further, the valency is 
equal to the number of places the element is away from the gas; 
an alkaline earth is electropositive and divalent, a halogen 
electronegative and monovalent. These facts Kossel explained by 
supposing that the configuration of an inert gas is peculiarly 
stable, and near elements strive to attain it by acquiring or 
relinquishing electrons. For example, in the sequence 

0 F Ne Na Mg 

8 9 10 11 12 

ten electrons must be a particularly stable configuration, which 
fluorine assumes when it adds one electron, and magnesium when 
it loses two. Theory thus accounts for the stable ions 0 , F^, 

Na and Mg+ *", which when they combine yield such neutral salts 
as NaF, MgO and MgF*^, the ions in the salt being held together 
by electrostatic forces. On this theory of valency, the formation 
of the ions, which is the interesting step, is essentially a problem 
in the mechanics of the atom; their subsequent attraction is the 
most elementary electrostatics. 

The theory is in complete agreement with wc^rk in electrolysis, 
which shows that in solution ions do actually carry charges in the 
ratio postulated, and it also explains the results of experiments 
in which X-rays have been used to determine the structure of 


* Kossel, AP, 1916, 49 229. 
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crystals. In the alkaline halides, for example, two types of lattice 
occur; in the first, known as the rock-salt lattice, each sodium 
atom is surrounded symmetrically by six chlorine atoms, and 
each chlorine by six sodiums; the second, or caesium-chloride 
lattice, is similar except that the number is eight instead of six. 
These structures are close-packed systems in which there is no 
sign that a particular sodium atom is not equally attracted by all 
six chlorine atoms; in short, the structures are what might be 
expected if the only attraction is electrostatic. 

In contrast the accepted theory of covalency assumes that a 
pair of electrons pass round two nuclei; but in putting forward 
this theory G. N. Lewis* assumed, like Kossel, that the cause of 
chemical combination is the tendency of the electrons to re- 
distribute themselves among the atoms so as to form more stable 
configurations; an electron which passes round two nuclei may, 
Lewis assumed, help to complete stable groups in both. Fluorine, 
for example, readily takes up an electron to form a fluorine ion, 
but it can also complete its outer shell of eight by sharing one 
belonging, say, to another fluorine atom; and if at the same time 
the second atom shares an electron belonging to the first, both 
atoms are satisfied. The various states of the atom are shown 
below, the dots and crosses representing valency electrons, 
without any assumption as to their position in space: 

Fluorine atom : F • 

Fluorine ion : F x 

XX 

Fluorine molecule : p x ^ 

XX 

Two consequences of this theory are at once apparent; as it 
enables a number of electrons to be as stable as if there were more, 
it is likely to appear chiefly in atoms each of which is a few elec- 
trons short of a stable number. This agrees with experience, 
covalent compounds being far commoner among the electro- 
negative elements than among the metals. 

* Lewis, Am, Ghem. Soc, J, 1916, 38 762. 



VALENCY 


171 


X] 

Again, the numerical value of the valency is the same on both 
theories. An electronegative element gains an electron for each 
covalency it forms, so that the covalency must be equal to the 
number of places it is away from an inert gas; but this is the 
electro valency too. An electropositive atom on the other hand 
has not only to accept a share of a strange electron, but must give 
a share in one of its own, so that the number of bonds it can form 
is limited to the number of electrons it has to oSer, and this again 
is the electro valency. This explains why chlorine is monovalent 
in carbon tetrachloride as well as in sodium chloride, 


:C1: 

: Cl X C ^ Cl : 

• • • X 

:C1: 


Na 




and why zinc is divalent in zinc methide as well as in zinc fluoride. 

H H 

HiC?ZniC=;H I": Fj< JznQ F :J 

H H 

llotli theories of valency assume that atoms in combining tend 
to provide themselves with stable conflgurations. In covalent 
compounds these configurations are but little understood; the 
<Huintum mechanics asserts that the two shared electrons are 
cciuivalont, though they belonged originally to different atoms; 
hut whether the number of electrons alone is significant, the 
shared electrons being counted with the rest, is not yet beyond 
dispute. Whatever the solution, however, the problem is one of 
molecular rather than atomic physics. 

In ranitrast, the stable configurations of an ion concern only a 
single atom. The most serious difficulty indeed is to compile a list 
of ions, which is reasonably full and yet does not contain such 
irnaginaries as VA+, which' have no existence in nature, the 
comixmnds in which they are supposed to occur being ^ovatent. 
In the. specialist Imoks the two types seem always to be fisted 
together, so that Fig. 10-4 has had to he compiled by a direct 
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appeal to melting points, solubilities and the other criteria 
already cited. The table is certainly incomplete, but even so it 
reveals the stability of some configurations besides the inert gas 
type. Atoms which succeed cobalt, palladium and platinum tend 
to lose electrons and to assume their configurations. In the fifth 
andsixth periods, too, the configurations of cadmium and mercury 
seem more than usually stable; thaUium is monovalent, tin and 
lead divalent, and antimony and bismuth trivalent. Finally, in 
the rare earths, the divalency of europium and the tetravalency 
of terbium may both be ascribed to the stability of a shell con- 
taining seven f electrons. This would be an unreasonable assump- 
tion if the p and d shells did not show a similar stabihty when just 
half full; the ionisation potentials of the short periods and the 
relative energies of the low configurations of the long periods 
leave no doubt of this stability, though it does not seem to 
manifest itself chemically. 

3. Govalency 

In the past the mechanism of chemical combination and all 
discussion of valency were the concern of the chemist alone; but 
in recent years much has been learnt from the study of band 
spectra, while the mathematician has shown that at least one 
general rule can be derived from the quantum mechanics. In the 
absence of any satisfactory synthesis, each of these three fields 
has its own literature. 

The best balanced books seem to be The electronic theory of 
valency, 1927, and The covalent link in chemistry, 1933, both by 
N. V. Sidgwick; Sidgwick does not ignore the evidence from 
band spectra and the quantum mechanics, but his interests are 
primarily those of the chemist. Chemische Bindung als electro- 
statische Erscheinung, 1931, by van Arkel and de Boer, also 
contains much that is valuable; that these authors can attempt 
to show that all compounds are held together by electrostatic 
attraction, while the spectroscopist and mathematician are con- 
sidering only shared electrons, shows however how far the 
different fields are apart. 

The work on band spectra is more recent and therefore less 





174 THE PERIODIC SYSTEM [CHAP. 

co-ordinated; tke empirical analysis of a spectrum, on which all 
depends, is described by Jevons in The band spectra of diatomic 
molecules, 1932; the various electronic states are well described, 
and the author adumbrates the dissociation of a molecule into 
two parts, showing how the states in which these parts are left 
can be discovered, but he specifically excludes valency from his 
purview and does not consider molecules which consist of more 
than two atoms. Three reports by Mulhken* are also concerned 
primarily with band spectra, though particular attention is paid 
to the variation of internal energy of the molecule with the 
quantum numbers which determine vibration, rotation and the 
electronic orbits; this is of course an essential preliminary to any 
understanding of how the molecule is formed. To those who 
do not possess this foundation, another article by Mulliken,t 
entitled ‘Valency and the bonding power of the electron’, may 
seem rather too hypothetical; certainly it reminds one that the 
spectroscopist is interested as much in molecules which exist 
only as equihbrium products at high temperatures as in those 
which are stable. Indeed, of the hundred or so band spectra 
which have been analysed, only a third perhaps are chemically 
stable, though all are physically stable. Again, the spectroscopist 
distinguishes compounds as ‘atomic’ or ‘ionic’ according as 
increased vibration would leave two atoms or two ions; clearly 
this division is not identical with the chemist’s division of 
covalent and electrovalent; indeed one may suspect that all 
compounds whose band spectra have been analysed are covalent, 
for in all presumably electrons are shared. 

The quantum mechanics was first applied to the problem of 
valency by Heitler and London,^ who used the perturbation 
theory to calculate the interaction of several atoms. Slater§ 
simplified their result, while Heitler, RumerU and Weyl^ reduced 
the result to a simple form by showing that the valency varies 

* MTiUiken, Rev. Mod. Phys. 1930, 2 60, 506; 1931, 3 89; 1932, 4 1. 

t MiiUiken, Ghem. Rev. 1931, 9 347. 

X Heitler and London, ZP, 1927, 44 465. 

§ Slater, PR, 1929, 34 1293; 1931, 38 1109; 1932, 41 255. 

II Heitler and Rumer, ZP, 1931, 68 12. 

Tt Weyl, Gottingen Nachrichten, 1930, 285; 1931, 33. 
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with the multiphcity; when the mnltiphcity of the ground term 
is {2S +1), the valency is 2/S. In this form the theory has been 
summarised by Born,* but unfortunately the author does little 
to render his theory palatable to the chemist. The statement that 
the valencies of the second period should be 

Li Be B C N 0 F Ne 

1 0 1 2 3 2 1 0 


is relegated to a footnote, and no attempt is made to develop this 
thesis in the later periods. Possibly all beryllium compounds are 
electro valent, and possibly in carbon there is a low quintet term 
unidentified, which explains its usual quadrivalency, but so 
many like difficulties arise that much of inorganic chemistry 
will need reconsideration if the theory is to stand. This might be 
attempted in a book; it is impossible in a few pages. 


4. The displacement law 

If the arc spectrum of an element is of even multiphcity, the 
arc spectra of the elements which precede and succeed it in the 
periodic table will be odd. This rule, which is vahd for spark 
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spectra too, as Fig. 10-5 shows, is sometimes known as the 
alternation law. But if the arc spectrum of an element is of 
even multiplicity the spark spectrum is odd, so that if the 
spectrum of hydrogen is known to be doublet in structure, this 
law may be generalised to read: the multiplicity of a spectrum is 
even if it arises from an odd number of electrons, and odd if it 
arises from an even number. 

The connection between a spectrum and the number of 
electrons from which it arises is, however, much closer than the 
alternation law alone suggests. The arc spectrum of sodium is 
similar to the spark spectrum of magnesium and the second spark 
spectrum of aluminium in many ways besides exhibiting the 
same multiplicity, and this is true of all isoelectronic spectra.* 
Stated thus the displacement law is simple enough, but in what 
precisely does this similarity consist? 

The term systems of these three spectra, spectra which are 
commonly written Nai, Mgn and Aim, are shown in Fig. 10*6; 
but in order to fit them into a page each is drawn to a different 
energy scale, for just as a term of He n has four times the energy 
of the homologous term of H i because the nucleus carries twice 
the charge, so the energies of Mgn and Aim are roughly four 
and nine times the energies of Nai. In the spectra themselves 
this means that a visible line of Na i will have its Mg ii and A1 ni 
homologues in the ultra-violet; thus the wave-length of the 
2 fine, which is the fine of Nai, is 2796 A. and 

1855 A. in Mgn and Aim respectively. If the energies change, 
however, the terms which occur and their relative positions 
remain roughly the same, as Fig. 10-6 shows clearly enough 
without explanation. 

If other series of isoelectronic spectra are examined, all are 
found to have a common term system, and aU exhibit the same 
change of energy scale in passing from the arc to the spark 
spectrum; but the relative energies of the terms do sometimes 
change; when this occurs among the high terms, it is obviously of 
less account than when the ground term changes, since the latter 
shows the normal state of the atom or ion. The sequence K i, 
* Kossel and Sommerfeld, Deutschen Phys. Oes, 1919, 21 240. 
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Can, Sc in, Tiiv illustrates one of the more striking of these 
changes (Pig. 10-7); in the first two spectra the ground term is 
2S, but in So m and all succeeding spectra the ground term is 



Fig. 10*7. Level diagrams of four spectra all arising in a system of 19 electrons, 
but each, with a different nuclear charge. The ground term changes from to 
as the nuclear charge increases from 20 to 21. 
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5. Electronic structures 

An explanation of the periodic system naturally assumes that 
the electrons may be divided into distinct groups, so that the 
grouping of the elements in the system is attributed to the gradual 
formation of groups of electrons within the atom. The grouping 
of the elements is sufficiently clear, but how are the electrons to 
be divided? 

Consider first the ionisation potentials of the half-dozen 
lightest atoms. The spectra of the hydrogen atom and the 
helium ion show that in their normal states the single electron 
occupies a Is orbit, that is an orbit in which nml and I is 0, the 
work required to remove it being JR and 4tB respectively. If a 
second electron is added to the hehum ion, it should behave as if 
attracted by a positive charge of 1 when at large distances, and 
of 2 when at small distances. Thus the work required to remove 
the second electron should he somewhere between R and 4jR if 
the electron is bound in a Is orbit, but be about jB/ 4 if it is bound 
in an orbit in which 7i is 2. Experiment shows that the ionisation 
potential of hehum is 24*5 volts or 1-81 JS, so that both electrons 
occupy Is orbits and the ‘configuration’ of the atom may be 
written Is^. 

In this notation orbits are written s, p and d when I assumes 
the values 0, 1 and 2, small letters being used for the electron 
in contradistinction to the capitals which describe the atom. 
In the spectra of the alkalis, which have been explained in 
terms of a single active electron, the energy of the terms dei)ends 
primarily on the chief quantum number n and the orbital vector 
1; accordingly electrons, which have the same value of n and Z, 
will be described as ‘equivalent’, and a group of equivalent 
electrons will be said to form a ‘sheir. 

Only the higher terms of the Lin spectrum are known, but 
these are similar to the corresponding terms of Hei. The normal 
lithium atom ionises at 5*37 volts or 0*40 /iZ, which is rather greater 
than the jR/4, which might be expected if the third electron 
moves in an orbit with an n value of 2 and lying outside the two 
Is orbits, but not greater than if it moves in a 2s orbit, which 
approaches at perihelion nearer to the nucleus than the Is orbits. 
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In eonfirmation the P, D and F states of the lithium atom have 
very nearly the energies of the stationary states of hydrogen,* 
and this agrees with theory, for calculations made by Bohr show 
that the p, d and f orbits he entirely outside the space in which 
the first two electrons move. Thus the configuration of hthium 
is 18^28. 

The four electron spectra Bei, Bn and Cm all have a 
ground term just as Hei has, and one may reasonably assume 
that the former like the latter arise from an s^ shell. The ionisation 
potential of berylhum is greater than that of hthium for the same 
reasons which make an electron more difficult to remove from 
hehum than hydrogen. The confi.guration of the normal berylhum 
atom is thus Is^ 28^. 

The least firmly bound electron of boron is much more easily 
removed than that of berylhum, so that it can hardly move in a 
2s orbit; moreover, the ground term of boron is ^P, so that the 
single electron outside the state of B^ presumably moves in a 
p orbit. The normal state of boron is therefore Is^ 2s^ 2p, and 
one supposes that only two electrons can be accommodated 
in the 2s shell, just as only two seem able to enter the Is sheU. 
Generalised, this rule states that any s shell is ' complete ’ when 
it contains two electrons.t 

The periods are strong evidence that the p and d shells are 
similarly hmited in capacity, and the inert gases must surely 
mark the completion of successive shells. Now the ground terms 
of all the inert gases are ^S, so that this may perhaps be the sign 
of a shell just complete. Certainly the alkaline earths also have 

ground terms, which could easily be explained if the first pair 
of electrons after an inert gas always enter an s shell. A list of 
spectra having a ground term has therefore been compiled 
(Fig. 10*8). 

One other observation is suggestive; in the alkalis, when the 
angular momentum of the electron in its orbit 1 is 1 in units kj2Tr, 
the orbital moment of the atom is also 1 ; and conversely when 

* For levels of Li i, see Fig. 2*2. 

t Much of the above follows Ruark and Urey, Atoms, molecules and quanta, 
1930, 276. 
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the atomic state is represented as ^P, the electron moves in a p 
orbit. This is true when the core has the configuration of an inert 
gas ; may it not be true whenever the core consists only of complete 
shells? 

In building the first adequate theory of the extra-nuclear 
structure of the atom, Bohr considered an atom of atomic number 
Z as built up in Z stages, one electron being added at each stage. 


No. of 
electrons 

Spectrum 

Shells added beyond 
last inert gas 

2 

He I 

ls2 

4 

Be I 

2s2 

10 

Nei 

282. 2p6 

12 

Mg I 

3s2 

18 

A I 

3s2.3p« 

20 

Cai 

4s2 

28 

Cu II 

3dw 

30 

Zni 

3dio.4s2 

3() 

Kn 

3d^“.4s2.4p® 

38 

Sr I 

6s2 

40 

Pd I 

4dio 

48 

Cdi 

4dio.5s2 

04 

Xe I 

4dio.582.5p« 

m 

Bai 

6s2 

70 

Lu II 

4fi^6s2 

78 

Au II 

4fi^5dio 

80 

Hgi 

4fi^5dio.6s2 

8(i 

Hni 

4fi*.5d^o.6s2.6pe 

88 

Ha i 

7h2 


Kin. lo-s. with a ground term; these arise from configurations, in 

wliUrh all the sholls are complete. 


wliilc the nuclear charge remains unaltered. From each stage a 
spcctiann arises, whose ground term indicates the normal state 
of the ion, so that when all ionic ground terms are known the 
atom can be reconstructed; to-day this ‘construction prmciple 
remains of value, though the orbits occupied in the ion are not 


always occupied ill the normal atom. , . a 

with these tools consider the construction of the atoins period 
by pericxl. In the first period the ionisation potentials leave no 
* that the eonBgumtiom of hydrogen and heUum are 1. and 
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Is^ respectively ; while in the second the configurations of lithium 
and beryllium have been shown to be Is^ 2s and Is^ 2s^. 

In the arc spectrum of boron not many lines are known, but 
there is no doubt that the system is one of doublets, which re- 
semble the doublets of the alkalis, in all save the appearance of the 
sharp and diffuse series in absorption. That the ground term is 
suggests that the fifth electron occupies a p orbit; and this 


Volts 



Fig. 10*9. The ionisation potentials of the elements of the short periods. 

breaking into a new shell is confirmed by the drop in the ionisation 
potential from 9*3 volts in beryllium to 8*3 in boron. For the 
binding of the next five electrons, which produce the elements 
from carbon to neon, rather more doubtful arguments have to 
be adduced; the ionisation potential rises from boron to neon, 
but a slight break between nitrogen and oxygen might suggest 
two shells instead of one (Fig. 10*9). Negative evidence, however, 
suggests that aU five enter the 2p shell; for must not the orbits all 
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have a chief quantum number of 21 And if so, there is no alter- 
native. In the level diagram of Lii, a Sd^D level appears close 
beside the 3p^P level, but no 2d^D level appears beside 2p2P; 
similarly, the fine structure of the line has been satisfactorily 
explained on the assumption that it arises in a transition from 
states having = 3 to states defined by the quantum numbers 
n = 2 and i = 0 or 1; no state, having n = 2 and i = 2, has been 
postulated. Thus it seems necessary to assume that the con- 
figuration of carbon is and of oxygen ls,^2s^2ip^; 

while if neon marks the completion of the shell, a p shell is limited 
to six electrons, just as an s shell is limited to two. 


No. of electrons out- 
side inert gas 

1 

2 

3 

4 

5 

6 

7 

8 

Hpectruin 

C round term 
Ionisation potential 

H 

28 

13-53 

He 

IS 

24-46 







Speetrunv 
( J round term 
Ionisation potential 

Li 

2S 

5-37 

Be 

IS 

9-28 

B 

ap 

8-28 

C 

®P 

11-212 

N 

14-48 

0 

®P 

13-550 

F 

ap 

17-34 

Ne 

IS 

21-47 

SpcMitrum 
( J round term 
Ionisation potential 

Na 

5-12 

Mg 

IS 

7-61 

A1 

ap 

5-96 

Si 

sp 

8-12 

P 

11-1 

S 

sp 

10-31 

Cl 

ap 

12-96 

A 

IS 

15-69 

(Configuration 

s 

S2 

S2 p 

B® p2 

s® p® 

8® 

S2p® 

a® p® 


Fig. lO-lO. Cxround terms, configurations and ionisation potentials of the short 
periods. 


In i)assing from neon to sodium the ionisation potential drops 
from 2 1-5 to 5- 1 volts, so that the valency electron of sodium must 
outer an orl)it nuich less firmly bound than 2p. Now the third 
period resembles the second so closely that the confi^ations 
must bo similar; the ground terms of homologues are identic^, 
and the ionisation potential shows the same changes mthm iie 
period; thus the configuration of sodium is presumably Is 2s 
2p« 3h or more briefly (Ne) 3s, where (Ne) sigmfies the neon core 

aluminium is then (Ne) Ss^ 3p and argon (Ne) 3s 3p 

In the long periods four ground terms occur instead of the 
two of the short periods; appearing in the spectra Cun 

Iwch i. iactetromo with Nil. Z„i md Ki I, these <hv,de the 
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fourth period into blocks of two, eight, two and six elements. 
Bohr enclosed the block of eight in a frame, and as his diagram 
has been widely used, these eight will be referred to as ^iron 
frame’ elements; the word 'transition’ has been widely used to 
describe these elements, but as it was originally applied to the 
last three elements, iron, cobalt and nickel only, it sometimes 
confuses. 

Of these blocks the last closely resembles the blocks of six in 
the short periods; the absorption spectrum of gallium, like that 
of aluminium, shows the sharp and diSuse series; and the other 
elements have ground terms identical with those of their short 
period homologues; the ionisation potentials too show the same 
characteristic rise with a check between the third and fourth 
elements, arsenic and selenium. There seems no doubt therefore 
that these elements arise in the addition of six 4p electrons to the 
configuration of Zn, in which all the shells are complete. 

The first twelve elements of the period present a more difficult 
problem. With the 3s and 3p shells full in argon, a shell of 3d 
electrons may reasonably be expected; the first two elements of 
the fourth period, however, potassium and calcium, have the 
same ground terms as their homologues, sodium and magnesium, 
and in other ways resemble them so closely that the nineteenth 
and twentieth electrons must enter 4s orbits. The next element, 
scandium, however, has a ground term, which would suggest 
that the twenty-first electron enters a 3d orbit even if the spark 
spectra were not known; but in fact in a system of 19 electrons, 
the ground term is only in the first two spectra, K i and Ca ii; 
in the others, Sciii, Tiiv, V v, it is ^D; so that in this system 
the 4s orbit is more stable than the 3d only when the nuclear 
charge is less than 21; when it is 21 or over the 3d orbit is more 
firmly bound. Of this change Bohr* long ago presented a clear 
picture; already in lithium the s orbit has been revealed as more 
firmly bound than the p and d of the same chief quantum number, 
and this has been explained as due to the greater eccentricity of 
the s orbit which brings the electron very close to the nucleus 
at perihelion. The same considerations are vahd in the heavier 
* Bohr, Theory of spectra and atomic constitution, 1922, 95 f. 
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alkalis; in the potassium atom, for example, mathematical 
analysis shows that the inner loop of the 4s orbit coincides closely 
with the 3s orbit of hydrogen; and this so alters the dimensions 
of the outer part of the orbit, that it too deviates from the 4s 
orbit of hydrogen and coincides instead with a 2s hydrogen orbit, 
an orbit which is only about a quarter the size. When the nuclear 
charge is 19, the inner part of the orbit is more stable and the 
outer part less stable than a circular 3d orbit, but on balance the 
inner part exerts the greater influence. With increasing nuclear 
charge however, and the consequent decrease in the difference 
between the fields offeree inside and outside the region occupied 
by the first 18 electrons, the dimensions of those parts of a 4s 
orbit which fall outside approach more and more to the dimen- 
sions of a 4-quantum orbit calculated on the assumption that the 
argon core alone shields it from the nucleus. With increasing 
atomic number therefore a point will be reached where a 3d orbit 
will be a firmer binding of the nineteenth electron than a 4s orbit. 
In fact this change occurs when the nuclear charge increases 
from 20 to 21. 

As the ground term of Sc i is ^D, when the nineteenth electron 
has occupied a 3d orbit the two next electrons must enter 4s 
orbits and the configuration of the neutral atom be (A) 4s^ 3d. 
In the succeeding elements the normal state must arise from one 
of the three configurations 3d'" , 3d"“^ 4s and 4s^, where n is 
the number of electrons outside the argon core; but no means is 
available of distinguishing between these alternatives xintil a 
method of calculating the terms, which a given configuration 
produces, has been developed. A term may however be sought 
to indicate the comj)letion of the 3d shell; in the arc spectra none 
occurs before zinc with 12 electrons outside the argon core, but 
in the spark spectra a term is basic in both Cun and Gaii, 
spectra arising from systems of 10 and 12 electrons respectively. 
The change from a ground term in Nil to a term in iso- 
electronic Cuir is so reminiscent of the change from to in 
passing from K i to isoelectronic Sc iii that one inclines to ascribe 
the former to the same cause as the latter, the sinking in the energy 
scale of the d orbits relative to the s orbits. The ‘'*P term of Nil 
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therefore arises presumably from a 3d® 4s or 3d® 4s^ configuration, 
while the term of Cun is due to a complete shell of ten d 
electrons. 

To this hypothesis the diagram, which Kossel designed to show 
the configurations to which ions tend when exhibiting their 
maximum valency, lends some support; for whereas the elements 
preceding and succeeding the inert gases tend to assume their 
configurations, only the elements which succeed nickel, palladium 
and platinum tend to change; copper is a monovalent metal, but 
cobalt never an acid radical; zinc readily loses two electrons, 
but iron never adds two to form an acid similar to sulphuretted 
hydrogen. And this is just what Bohr’s theory suggests, for 
nickel, palladium and platinum mark the completion of the d 
shells, and the d orbits grow more stable with increasing nuclear 
charge. Further, if this hypothesis is true, then the 4s orbits 
must surely be reoccupied in the two elements succeeding nickel, 
and in fact copper and zinc have respectively and ground 
terms. Thus we conclude that the configuration of the copper ion 
is (A) 3di® and of neutral zinc (A) 3d^® 4s®. In the six remaining 
elements of the fourth period the electrons enter p orbits, so that 
the configuration of krypton is (Ne) 3s® 3p® 3d^® 4s® 4p®. 

Summarising these results (Fig. 10*11) the elements of a long 
period may be divided into a block of 12 and a block of 6; in the 
first the outer electrons he in either the s or d shell, while in the 
second block the s and d shells are full and the incomplete shell 
contains only p electrons. But the block of 12 elements may itself 
be subdivided into three blocks of 2, 8 and 2 elements, the middle 
block being enclosed by Bohr in a frame; the outer shell contains 
in the first subdivision only s electrons, in the second a mixture of 
s and d electrons, and in the third only s electrons. Thus even at 
this stage it is only the elements in the Bohr frame, whose struc- 
ture is in serious doubt (Fig. 10*2). 

These frame elements possess four properties, which dis- 
tinguish them from all other elements, save their homologues in 
the later periods and the rare earths. Their valency is variable; 
they are active catalysts; and their ions are typically coloured 
and paramagnetic, since the salts exhibit these properties in 



No. of electrons out- 



and ionisation potentials of the long periods. 
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dissociated aqueous solution. What is the explanation of these 
properties in atomic theory? They are catalysts probably because 
their valency is variable, and their valency varies because the 
work required to remove an electron is not more than can be 
supplied in a chemical reaction; in a later chapter this will be 
related to the almost equal energy content of the s and d orbits. 
The colour is amenable to a somewhat similar explanation; an 
ion will be coloured only if it is capable of an electronic transition 
whose energy is equal to a quantum of visible light, that is of an 
energy between 1-5 and 3 electron volts or between 35000 and 
70000 calories per mole. In an ion, such as Na+, whose outer 
shell is complete, the only possible transitions consume so much 
energy that ultra-violet light is absorbed, and the ion is colourless ; 
in sodium vapour, on the other hand, the atom retains its valency 
electron, and so absorbs in the yellow as the electron jumps from 
3s to 3p. Again, at the end of the Bohr frame copper forms 
two ions, a cuprous which is colourless and diamagnetic, since 
the d shell is full, and a cupric which is coloured and para- 
magnetic, since the d® s and d® configurations carry roughly equal 
energy. 

The fifth period is like the fourth; all elements outside the Bohr 
frame have the same ground terms as their homologues, and 
doubtless therefore similar structures. Within the frames some 
ground terms are changed, but there is no reason to doubt that 
the low terms still arise from one of three competing configura- 
tions 4d’\ 4d^'"^ 5s and4d^“^ 5s^. The most striking difference is the 
increased stabihty of the d shell, when it is full ; the ground term 
of Pd I is ^S, showing that the ten electrons are already settled 
in the d shell and do not have to wait until an increased nuclear 
charge brings them in. The monovalent silver ion too, with its 
system of ten electrons, is so stable that silver exhibits no other 
valency andforms no colouredion like copper and gold; in the Ag i 
spectrum only a single system of doublets is found, just as in the 
alkalis, whereas in copper and gold there are some extra doublets 
and some quartet terms; these extra terms are developed from 
the d® configuration of the ion. The ionisation potentials reveal 
the same contrast, rising sharply from rhodium to palladium 
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and faUing again to silver, instead of showing little change as in 
the fourth period (Fig. 10*12). 

In th^e sixth period electrons may be expected to fill the 4f, 5d 
and 6s shells; and Bohr’s theory clearly predicts that as the 
nuclear charge increases, there will be one stage when a 5d orbit 
will be more stable than a 6s, and another when a 4f orbit will be 
more stable than either; just as there is a nuclear charge which 
binds the nineteenth electron more firmly in a 3d than in a 4s 



Pig. 10*12. Ionisation potentials of the first twelve elements of the long 
periods. 

orbit, so there must be one nuclear charge which binds an electron 
more firmly in a 5d orbit than in a 6s, and another which binds it 
more firmly in a 4f than in a 5d. These predictions Bohr based 
purely on the shapes of the three orbits, at a time when nothing 
was known of the ground terms of lanthanum or cerium; they have 
been confirmed by the work of the last ten years, which has shown 
that the ground terms of Csi and Ban are ^S, and those of Lam 
and Ce iv ^D; so that when there are 55 electrons the last occupies 
an s orbit when the nuclear charge is 56 or less, and a d orbit when 
it is 57 or 58. When this electron moves into an f orbit is still not 
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known; many supposed it would be found there in Ceiv, but 
experiment has proved them wrong. 

Early or late, however, there must come a stage in the sixth 
period when the 4f shell begins to fill, and once this point is 
reached a number of elements may be expected to follow one 
another all with nearly the same properties; the similarity should 
be like the similarity of the iron and palladium frames, but 
should be more pronounced, for the growing shell now lies farther 
below the surface of the atom. These elements are of course the 
rare earths, and it is of some interest to note that this theory, 
arising out of a study of how electrons are bound, would have 
enabled Bohr to predict the appearance of the rare earths in the 
sixth period from examination of the previous periods, even if 
they had not been known.* The earlier increases in the length of 
the period, from 2 to 8 and from 8 to 18, have been shown to 
mark the appearance of shells of 6 and 10 electrons respectively; 
so now an increase from 1 8 to 32 shows that the f shell is complete 
when it contains 14 electrons. 

But we have still to ask when an electron first enters the shell, 
and when the shell is complete; Bohr’s answer is shown by his 
inner frame, and the discoveries of the last twelve years support 
his view . The ground terms of caesium, barium and lanthanum 
are ^S, and ^D, so that these elements are homologous with 
rubidium, strontium and yttrium, and the configuration of 
lanthanum is (Xe) Cs^ 5d; thereafter electrons probably enter the 
4f shell until ytterbium is reached. The spectrum of ytterbium 
itself is not known, but the isoelectronic Lu ii certainly has a 
ground term, which presumably means that the 16 electrons are 
arranged as 6s^4f^^. In these 13 rare earths, between cerium 
and ytterbium, the common valency is always three, and the 
chemical properties are so similar that they are difficult to 
separate; while their paramagnetic susceptibilities show that 
in the trivalent ions all electrons outside the xenon core lie in 
the f shell. The absorption spectra of the rare earth crystals 
also deserve attention; the elements of the iron, palladium and 
platinum frames absorb over bands several hundred angstroms 
* Bohr, Theory of spectra and atomic constitution, 1922, llOf. 



ELECTRONIC STRUCTURES 


' 191 


X] 

wide, whereas the rare earth bands often cover only 10 A. and 
at low temperatures much less. If the absorption bands of an ion, 
whether in a crystal or in solution, are broadened by the electric 
fields of neighbouring ions, this difference may be taken as some 
confirmation of theory, for the 4f electrons lying deep within the 
atom will be httle affected by external fields. 

Lutecium, which follows ytterbium, is the first of a series which 
is homologous with the last sixteen elements of the fourth and fifth 
periods. Lutecium itself is spectroscopically similar to yttrium 
and lanthanum in that all three have a ground term; when 
a seventy-first electron is added to Lu+, it must therefore 
enter a 5d orbit, making the configuration of the neutral atom 
(Xe) 6s2 4fi^ 5d. Again, the ground term of Au n with 78 electrons 
is ^S, so that it is similar to Cun and its structure must be 
(Xe)4f^^5d^®; the next two electrons refill the 6s shell, forming 

and ground terms in gold and mercury; while the last six 
electrons required to make up the full complement of 32 enter 
p orbits, the ground term of the first element thallium being 
and of the last, radon, ^S. The configuration of radon is thus 
(Cu+) 4s2 4p<^ 4dio 4f 14 5s 2 r>p« Gs^ 6p«. 

Following the method adopted in the long periods, these facts 
can be summarised by dividing the rare earth period into five 
blocks (Fig. 10*13), of which two are Bolir’s frames and the 
other three contain two, two and six elements. Thus the first 
block contains caesium and barium in which the electrons enter 
the s shell; the second contains lanthanum and the sequence of 
eight elements from lutecium to platinum, in which only the s 
and d shells are incomplete; l)etween lanthanum and lutecium 
are inserted 13 rare earths, in which the electrons seem to enter f 
orbits, though in fact the three outer shells may all be incomplete; 
only in the lutecium ion is the d shell certainly empty.* The 
remaining eight elements form the fourth and fifth blocks, two 
electrons refilling the s shell and six filling the p. 

In the seventh period only six elements are known, the last 
being uranium with atomic number 92. In these the neutral 
atom may bo expected to contain seven quantum orbits; in 

* The ground terms of Sm and Eu wore discovered after this was written. 
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Fig. 10-13. Groimd terms, configurations and ionisation potentials of the rare earth period. R. below an innigatinn potential Tnpji.ng 
that it was obtained by RoUa and Piccardi from the conductivity of a flame; all others were obtained from analyBis of the spectrum. 
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radium, for example, the two electrons outside the radon con- 
figuration move in 7s orbits. The chemical properties of the other 
four elements are similar to those of the fifth, not the sixth, 
period; there are, for example, no elements with properties 
resembling those of the rare earths; the electrons therefore pre- 
sumably occupy 7s and 6d orbits, leaving the 5f shell still empty. 

Thus to-day the structure of most of the elements can be 
adumbrated from quite simple spectroscopic data. The gaps will 
be filled in and the argument greatly strengthened in a later 
chapter, when a method of calculating the terms arising from 
any group of electrons has been mastered; this method was 
developed by Hund, from the pioneer work of Russell and 
Saunders on the displaced terms of the alkahne earths. 

The results obtained and those to be obtained later are com- 
bined for ease of reference in Fig. 10-14. 

6. X-rays 

The model of the atom developed in the last section is based on 
observations of optical spectra; spectra, that is, which arise in the 
surface layers of the atom. This model the physicist seeks to con- 
firm by asking for evidence of the shells already laid down. Thisi 
evidence is forthcoming in work on X-rays. 

An X-ray emission spectrum consists of lines not unlike optical 
lines, though the absorption spectrum consists only of edges; 
both however can be explained as due to a number of energy 
levels, which when unexcited contain their full complement of 
electrons. Of these the lowest in the atom is the K shell, though 
as the energy of an X-ray level is measured as the work required 
to raise an electron to the periphery of the atom, the K level is 
also the level of greatest energy. After the K shell come three L 
levels, Lr, Lii and Liii, in that order, Li requiring more energy 
to excite it than Liir. 

To explain even the most complex X-ray spectriim less than 
two dozen levels are needed, and the number in any shell can be 
simply related to the number of levels in a doublet system. Thus 
there is only one K level, and as theory shows that the K shell 
consists of electrons whose chief quantum number is 1, this 
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corresponds to Is^S^. In all three L levels the chief quantum 
number is 2, so that they correspond to the optical levels 2s , 
The optical analogues of the higher X-ray levels, 
M, N, 0, P, are shown in Pig. 10* 15. 

A line of the K series restilts from the return of an electron to 
the K level, but the paucity of lines shows that only certain 
transitions are permitted. To explain this Wentzel worked out a 
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Pig. 10*15. Comparison of X-ray levels, with those of optical doublets. 


selection rule based on two quantum numbers k-^ and ^ 2 ^ f ^ each 
level certain values of k^ and Ag ^^e allotted and an electron can 
jump from one level to another only if 

Aii=±l and Ajk 2 = 0 or ±1. 

These selection rules suggest at once that perhaps k^ corresponds 

to the L of optical spectra and A ;2 to J\ and in fact comparison 
shows that 

ki = L'\-\ 
k2 = J H- 1 

In the familiar framework, therefore, of a doublet level diagram, 
the X-ray lines appear in just the same places as the optical 
lines (Figs. 10*16 — 17). 

This important simplification finds confirmation in measure- 
ments of intensity . As one example the intensities of the Koc^ 
and Ka 2 lines have been measured in a large number of elements 
and have always been found in the ratio of 2 : 1; now Ka^ arises 
from the transition Lni-->K or while Kag is from 
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L II -> K or 2Pi ; and the -> and ^Pj -> Unes of the 
alkalis have the same 2 : 1 intensity ratio.* 



Pig. 10-16. Level diagram sho-wring the K series linos of bismuth; 

lengths are in X unite. . is used rather inconsistently as an abbreviation for 

Ejch, both here and in the next three pages. 

Thus X-ray spectra show that there is one level for each s shell 
completed, and two for each p, d or f shell. The doublet structure 
will be taken up in a later chapter with the aid of the vector 
• Por X-ray intensities see Grebe, Uandbuch der Phyaik, 1929, 21 366. 
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model; here it is more important to note that, in a graph of 
VvjR against the atomic number, breaks occur when electrons 
first enter the 3d, 4d and 4f shells (Fig. 10-18); ^s an electron 




Fig. 10*17. Level diagram showing the L, M, N series lines in the X-ray 
spectrum of bismuth, 

added to one of these shells seems likely to shield the nucleus 
more than one added to the exterior, the increase in energy be- 
tween one element and the next should be reduced and the graph 
should have a smaller slope. In fact regions of decreased slope 
are observed in the and Lii,ni levels between atomic 




Fig. 10*18. Moseley diagram showing the energies of the X-ray levels plotted 
against the atomic number. The ordinate is V E/chR. After Grotrian, Oraphische 
Darstellung der Spelctren, 
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numbers 21 and 29 when the electrons are entering the 3d shell, 
in N I and all M levels between 39 and 47 when the 4d shell is 
fiUing, and finally in 0, N and M levels between 57#and 71 due to 
the 4f shell. 

The K level does not show these changes when Vvjlt is plotted 
against Z, but in part it fails only because the scale is too 



Fig. 10*19. Modified Moseley curve for the K-shell in light atoms. After Idei, 
Tohohu. Imp, Univ, Proc. 1930, 19 646. 

small; endeavouring to overcome this difiSculty Idei* plotted the 
difference between Vv/jB and a linear function of the atomic 
number, the function bring chosen so as to make the difference 
small. When the values of {V vjR — 0-926Z -f- 16*668} are plotted 
against Z, the points lie roughly on a number of straight lines, 
and the breaks correspond to the formation of new shells; this 
the lower curve shows more clearly than a verbal descriptionf 
(Fig. 10*19). 

* Idei, Tohohu Univ. Sci. Rep, 1930, 19 641. 

t For further detaiJs see Siegbahn, SpeUroskopie der Rdntgenstrahlen, 1931. 
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7. Pauli’s exclusion principle 

The similarities of the columns of the periodic system and the 
length of its periods have been explained by the simple assumption 
that there are four types of shell and that the number of electrons 
which may enter each is limited. Since speculation first began, 
many have supposed that the inert gases mark the completion of 
electronic shells, but Pauli* in 1925 was the first to explain why 
the periods contain 2, 8, 18 or 32 elements. 
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Fig. 1()*20. Electronic orbits permitted by the exclusion principle. 


Pauli postulated that every permitted orbit is determined by 
four and only four quantum numbers, that orbits having the same 
quantum numbers are identical, and that no two electrons may 
it one time occupy the same orbit. If then the quantum numbers 
are taken to be I, m, and PauU’s three conditions liinit the 
number of electrons which are permitted for a ^ ° 

■a, or of w and i; and exactly the same numbers are obtamed d 
the four quantum numbers chosen are n, I, 3 and m. This coi 
surpri,. at tot. but when different 
bers are considered as expressions of different types of coup^g, 

itiscloarthatthenumberofquantisedorbitsmust be independent 

* Pauli, ZP, 1925, 31 765. 
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of the coupKng; indeed this coincidence is an essential condition, 
which alternative sets of quantum numbers must satisfy. 

If is 1, the only permitted value of I is 0, so that mi must be 0 
and may be ± while if the other allotment is chosen J must 
be ^ and m may be ±|, so that both allow only two orbits. 
More generally, if n and Z are fixed, there are (2Z-1- 1) permitted 
values of and 2 of so that there are 2 (2Z+ 1) orbits in all; 
and this quantity assumes the values 2, 6, 10, 14 as I increases 
from 0 to 3, just as experiment requires. The values of mi and 
mg for these states, and the alternative values of j and m, are set 
out in Pig. 10*20, but the question of which states correspond 
must be left for the present unsettled. 
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THE DOUBLET LAWS 

1. Moseley’s law 

In 1913 Moseley showed that when the square root of the 
frequency of any X-ray line is plotted against the atomic number, 
a straight line results. And what is true for lines is true also for 
levels, so that the energy of a given level may be written 

<“•*' 

(Z— 5 ) is here referred to as the ‘effective nuclear charge’, while 
8, which measures the amount by which the inner electrons seem 
to reduce the nuclear charge, is called the ‘screening constant’. 
In the K series s is about 2, while in the L series it varies between 
10 and 20, values which fit in well enough with the chief quantum 
numbers assigned to the K and L levels (Fig. IM). 


z 

\^vel 

\ 

Eloment \ 

K 

Li 

Liii 

20 

Ca 

2-75 



9*88 

55 j 

Cs 

3-53 

13*93 

10*57 

82 I 

Pb 

1-61 

13*01 

20*02 


Fig. 11*1. The Moseley screening constant in the K and L levels of three 
elements. For a given level the ‘constant’ is roughly independent of the atomic 
number. 

Because there is a spectral region ranging from 20 to 500 A. 
where measurement is very difficult Moseley’s law cannot be 
followed through from the long X-rays, where it still holds fairly 
well to the optical region. When applied to the outermost electrons 
it breaks down hopelessly, for interaction between the electrons 
determines the structure of the spectrum and the variation of 
nuclear charge is of no account. 
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Consider, however, a series of spectra arising from ions with 
the same number of electrons but different nuclear charges, and 
these difficulties disappear; the interaction between electrons 
will remain roughly the same, while the effective nuclear charge 
changes. And in fact Bowen and Millikan* pointed out in 1924 
that if V EJchR be plotted against Z in an isoelectronic sequence, 
then a straight line results. 



Fig. 11*2. Moseley diagram for a system of three electrons. The dotted lines 
show the positions of hydrogen terms with increasing nuclear charge. After 
Grotrian, Qraphische Darstellung der Spektren. 


rig. 11*2 shows the result for the sequence Lii, Be n, B iii and 
Civ, each spectrum arising from a system of three electrons. If 
in this system the two K electrons lay so close to the nucleus that 
they reduced the nuclear charge by two, but had no other in- 
fluence on the optical electron, the spectra would be identical 
with those of the sequence Hi, Hen and Lini; the dotted line 
would then show the terms having = 2, and it is worthy of notice 
that though the 2 and 2 terms are slightly displaced, they 
are closely parallel to this line. The 3^D term is so like the 

* Bowen and Millikan, PB, 1924, 24 209. 
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hydrogen line having n = 3 that the two cannot be drawn 
separate. 

When more electrons are present larger deviations may be 
expected, and in fact these Moseley diagrams show very clearly 
how terms change places in the energy sequence with a change of 
nncdear charge. The Moseley diagram for a system of 19 electrons, 
Fig. 11-3, shows, for example, how the line of the 3d term cuts 



Fi^. 11*3. Moseley diagram for a system of 19 electrons. Note how the 4s 
lovt‘l oroHses the 3d level. After Grotrian, Qraphische Darstellung der Spektren. 


the 4s “S line when the nuclear charge changes from 20 to 21, and 
this is not unimportant, for the 3d electron sinks relative to the 
4s electron throughout the iron row, whenever the nuclear charge 
is increiised. 

I’hese Moseley diagrams have been widely used in the elucida- 
tiou of spectra; thus Fowler and Selwyn,* in 1928, having the 
s[)octra of 0 in and N ii before them, used this method in their 
analysis of Ci. *Some of these diagrams have been published by 
(Irotrian. 

* Fowler, A. and Selwyn, PBS, 1928, 118 46. 
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2. Screening doublets 

In the Moseley X-ray diagrams, shown in Fig. 10-18, certain 
levels such as Li Ln and Mi Mii run parallel. Since the equation 
of a line is , 

<“•'> 


the slope is determined by n and the position by s\ that is, the 
two orbits have the same major axis but different screening con- 
stants. Accordingly, the levels may be said to form a ‘screening 
doublet’, though in common usage they are frequently de- 
scribed as an ‘irregular doublet’, being contrasted with the 
‘regular doublet’ whose magnitude was early calculated from 
the theory of relativity. 

An examination of the levels concerned shows that any pair 
have the same combined moment J, but different orbital moments 
L \ thus Mi corresponds to 3 and Mn to 3 . And this agrees 
well with the Bohr model in which orbits having different values 
of I have different eccentricities. In hydrogen the ratio of the 
minor to the major axis of any orbit is equal to Ijn; and assuming 
this roughly true in more complex atoms, the smaller I the nearer 
will the electron approach the nucleus, and therefore the smaller 
will be the screening constant; that this is true. Pigs. 11*1 and 
11-2 show in X-ray and optical spectra, respectively. 

Attention was first drawn to the screening doublet by Hertz,* 
who had observed parallel hnes in a level scheme. Similar parallel 
lines cannot be observed when V vjR is plotted against the atomic 
number for a number of lines, because the selection rules do not 
allow both levels of a screening doublet to combine with a third 
level. 


On the other hand, the two levels are permitted to combine 
together; among the low X-ray levels, combinations involving 
no change in n have not indeed been observed, but probably this 
is only because they are of low intensity, for lines have been 
identified as transitions between various N levels, between N iv 
and Nvi in gold for example,! while optical levels, which give 
parallel Moseley hnes, often combine. 


* Hertz, ZP, 1920, 3 19. 


t Idei, N, 1929, 123 643. 
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The combination of these optical levels produces lines whose 
frequency is a linear function of the atomic number; for in a set 
of isoelectronic spectra a pair of Moseley lines may be written 



and if the lines are parallel ^ 1 =^ 2 . Accordingly, the frequency 
of the resulting line is 


Z. — “^2 -^1 _ ^ fa — ^2) ^ (*^2^ ^1^) 
R chR 


Millikan and Bowen have used this relation in finding the 
2 1 line of many ‘ stripped ’ atoms, that is, of ions which 
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Fig. 11*4. 3p “Pi ->3s screening doublet in a system of 11 electrons. The 
difference does not change much, and its small change is regular. 

have only one electron outside an inert gas shell and are therefore 
isoelectronic with the alkalis. The frequency of this line in a 
number of isoelectronic spectra is a linear function of the atomic 
number, and accordingly when the wave-length of the line in 
Nai and Mgn is known, its wave-length in Aim, Siiv, P v, S vi 
and Cl VII may be calculated. This law does not hold with the 
high accuracy of spectroscopic work, as Fig. 11*4 shows, but the 
approximate position is often sufficient to identify the line, for 
the 2 2p^ 1 line must be one of the brightest in the spectrum 
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and the doublet separation which can be cal- 

culated from the spin doublet law, is a valuable aid. In fact, so 
successful has the method been that this doublet has been 
measured from the alkalis as far as 0 vi, Cl vn, Mn vn, Zr iv and 
Pr v in successive periods.* 
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Fig. 11-5. 3s 3p ^Pi->3s2 ip^ screening doublet in a system of 12 electrons. 


Spectrum 

Wave-length, 

Wave-number 

Difference 

Mg I 

5172'70 

19,327 

28,700 

All! 

2081*5 

48,027 

52,412 

Sim 

995*20 

100,439 

58,455 

Piv 

629 

158,894 

69,156 

Sv 

438*19 

228,050 



Fig. 11*6. The screening doublet law is no longer valid for the 3b 4s 
3s 3p line in a system of 12 electrons. 

In optical spectra, levels which give parallel Moseley lines do 
not necessarily have the same value of J, for the square root of 
the frequency of the hne is a linear function of the 

atomic number, as Pig. 11*7 shows; but the condition that the 
chief quantum shall not change appears to be still valid, for the 
square root of the wave-number of the 3s 4s ^ 3s 3p ^P^ line 
of magnesium is not a linear function of the atomic number 
(Fig. 11-6). 

3. Spin doublets 

The pairs of adjacent Moseley lines in the X-ray level diagrams 
(Fig. 10*18), which are not parallel, diverge rapidly with in- 
* Gibbs and White, PB, 1929, 33 159. 
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creasing atomic number. These pairs have been known as relati- 
vity or regular doublets, because Sommerfeld explained them as 
due to a relativistic change in the mass of the electron, at a time 
when the ‘irregular’ or screening doublets still defied explana- 



Eig. 11-7. The spin doublet law a-pplied to the Lii Lin X-ray levels; some of 
the level values on which this figure is based ap])ear in Fig. 11*8. After 
Grotrian, Qrapliische Dar.Mlun(j (kr SpeMren, 

tion; in the model, however, they are to be ascribed to the 
magnetic interaction of the spin and orbital vectors. 

The terms composing a spin doulilet*** have the same value of 
the orbital moment L, but values of J differing by unity. When 
^AvJR is plotted against Z a straight line results, showing that 
the interval Av may be written 

^v^d'li{Z-cj)\ ( 11 * 3 ) 

* In this nomenclaturo 1 follow Pauling and GoudHniit, J^tructure of line 
spectra, 1930, 181. 
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where d' determines the slope of the line in Fig. 11-7 and cr is a 
new screening constant. 

Sommerfeld, using the relativistic change of mass with velocity , 
was able to develop this formula mathematically and to deter- 
mine the constant d'. Written in modern notation his result is 

Aui) - <“•*> 

where a is the so-called fine-structure constant, 

2‘77"C 


a = -^= 7-284. 10“3. 
ch 


.(11-5) 


The derivation of this formula from the theory of relativity or 
the quantum mechanics is outside the scope of the present work; 
but the close connection between this result and a similar 
formula for hydrogen is worth pointing out. In the hydrogen 
doublet spectrum the energy of any term is measured 
in wave-numbers by 


]^_RZ^ 1 3 \ 

he + i 


( 11 - 6 ) 


To connect this with the empirical work on the X-ray spectrum, 
write {Z — s) for Z in the first term, and (Z — a) for Z in the second 
term, then the resulting expression is 


he U + i- W’ 

( 11 - 7 ) 


and this is very similar to that obtained by adding to the energy 
of a term obeying Moseley’s law the energy of a relativity 
doublet. 


Moreover, this expression, when used to calculate the separa- 
tion of two doublet levels having the same values of n, I, s 
and cr, but different values of J, yields the Sommerfeld formula 
(11-4) again; for in a doublet spectrum the permitted values of 
J are (ll-l-^)and (Z — ^).* 

The Sommerfeld formula contains only one quantity not 
determined, namely the screening constant cj, and this may 


* C:k>udsmit and XJhlenbeck, Physica, 1926, 6 273. 
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therefore be calculated from the splitting of any doublet. 
Calculations based on the simple formula of equation (11-4) do 
not make a constant (Fig. 11-8); but theory dictates certain 
correction terms, whose discussion is outside the scope of the 
present work,* and if these are included the constancy of a is very 
striking. Indeed, the screening constant of the LiiLiii varies 
only between 3*42 and 3-56 in a series of fifty elements; and 
recently Zahrahnicek has been able to express even this small 
variation as a function of the atomic number, t 


Element 

Z 

MjchR 1 

4 /^E 

V chR 

a 

Lii 

Liii 

By 

equation 

(11-4) 

With 

Sommer- 

feld’s 

correction 

term 

Ca 

20 

25-9 

25-6 

0-74 

2*7 

2-7 

Zn 

30 

76-81 

75-14 

1-14 

3-29 

3-5 

Zr 

40 

170-0 

163-8 

1-58 

3-03 

3-45 

Sn 

50 

306-2 

289-5 

2-02 

2-67 

3-50 

Nd 

60 

495-5 

457-8 

2*478 

1-95 

3-51 

Yb 

70 

735-4 

659-2 

2-955 

0-76 

3-5 

Hg 

80 

1048-6 

906*1 

3-455 

-0*93 

3-44 

Th 

90 

1451-5 

1200-6 

3-982 

-3-30 

3-43 


Fig. 11-8. Sommerfeld’s doublet formula applied to the Lii Liii X-ray levels. 


The great success of the formula in dealing with numerical 
values fosters the belief that the Sommerfeld derivation is correct, 
but after the introduction of the spinning electron precisely the 
same formula was developed by the methods of the quantum 
mechanics, J the mechanism implied being the interaction of the 
spin and orbital moments. The difference, however, is perhaps 
more apparent than real, for Dirac has derived the spin of the 
electron from relativistic equations. 

When applied to an isoelectronic sequence of optical spectra 
the simple Sommerfeld formula of equation (11*4) is less satis- 
factory; if it is tested by calculating a as before, a is seen to 
decrease as the atomic number increases. But among ions iso- 

* Sommerfeld, AUnnic structure and s-pccind, lines, 500. 

t Zahrahnicek, ZP, 1930, 60 712. 
t Darwin, C. G., PUS, 1927, 115 1. 
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electromc with the alkalis the trend can be easily traced, as 
Mg. 11*9 shows, and accordingly Millikan and Bowen* used the 
formula to estimate the 2 2Pi^-22Pj interval in the higher 
spark spectra of the short periods. 


Spectrum 

2pA*P*.xi 

a 

Spectrum 

3pA^P*.x* 

cr 

Li I 

om.~^ 

0-338 

2-018 

Nai 

om.“^ 

17-18 

7-447 

Ben 

8-61 

1-936 

Mgii 

91-65 

6-601 

B m 

34*1 

1-888 

Aim 

238-00 

6-045 

Civ 

107-4 

1-855 

Sirv 

461-84 

5-909 

Nv 

269-1 

1-835 

Pv 

794-82 

5-732 




Svi 

Civil 

1267-10 

1889*5 

1 5-587 

5-492 


Fig. 11-9. The spin doublet law applied to alkali-like spectra. 


Spectrum 

2s.2pA8Po.2 

cr 

Spectrum 

3s. 3p A®Po .2 

a 

Be I 

cm.”^ 

3-02 

2-303 

Mg I 

cm.“^ 

60-81 

7-126 

Bn 

22-8 

2-186 

Ain 

187-3 

6-543 

Cm 

79-7 

2-152 

Si m 

373 

6-330 

Nrv 

204-1 

2-133 

Piv 

696-5 

6-034 

0 V 

441 

2-100 

Sv 

1120 

. 5-904 




Cl VI 

1702 

5-790 


Fig. 11* 10. The spin doublet law applied to alkaline eartb-liko spectra. 


Further, the Sommerfeld formula will predict the overall 
triplet interval of the alkaline earths with much the same 
accuracy (Fig. 11*10). But though a is regular enough within a 
single isoelectronic sequence, it varies from sequence to sequence 
in a wholly irregular manner. Moreover, though the spin 
doublet formula has been used on the short periods, Gibbs and 
WhiteJ have found that in the long periods the Lande doublet 
formula gives more satisfactory results. 

4. Lande’s doublet formula 

Sommerfeld developed his doublet formula on the assumption 
that an electron moves in a uniform field equal to that of a 
constant point charge (Z — a)e, This is a reasonable assumption 

* Millikan and Bowen, PR, 1926, 27 144. 
t Gibbs and White, PR, 1929, 33 157. 





lande’s doublet eormtjla 

for an X-ray orbit deep within the atom, but it hardly describes 
the forces acting on an electron in an outer orbit. Accordingly, 
Land4 divided the orbit into two parts, an inner one in w^cb 
the electron was subject to the attraction of a charge 


Spec- . 
trum 

Configuration 

71 *^ 

Interval 

cni."^ 

Z 

Zi 

1 

Li 

Na 

K 

Rb 

Cs 

P 

1- 90 

2- 12 
2-2:i 
2-28 
2-33 

A“Pi.u 

0-34 

17-18 

.'57-71 

237-(> 

554-1 

3 

11 

19 

37 

55 

0-9 

7-5 

14-8 

31-1 

49-1 

2-1 

3- 5 

4- 2 

5- 9 

5-9 

B 

A1 

Ga 

In 

T1 

s^.p 

1-32 

1-51 

1-51 

1*53 

1-49 

15 

11201 

826-0 

2213 

7793 

5 

13 

31 

49 

81 

3-5 

11-5 

31-3 

52-2 

94-1 

1-5 

1-6 

-0-3 

-3-2 

-131 


dio.p 

1-86 

1*87 

1-72 

248-4 

920-6 

3816 

29 

47 

79 

23-4 

45-5 

81-7 

5-6 

1-5 

-2-7 

Mg 

Ca 

Sr 

Ba 

sp 

l-OO 

1-79 

1-80 

1-92 

60-76 

158-1 

581 

1249 

12 

20 

38 

56 

9-8 

17-7 

35-8 

55-1 

2-2 

2-3 

2-2 

0-9 

Zn 

Cd 

Hg 

d^^.sp 

1*59 

1-03 

1-53 

578-7 

1713 

6398 

30 

48 

86 

28-3 

50-5 

88-7 

1-7 

-2-5 

-8-7 

0 

s 

So 

p^ or 
p3 (^S)p 

2-17 

2-33 

2-38 

A‘1*,.8 

(S-1 

29-1(5 

148-5 

8 

16 

34 

4-6 

11-3 

26-2 

3- 4 

4- 7 

7-8 



0-85 

0 

407-0 

9 

9-3 

17-9 

-0-3 

Cl 

Br 

1^ 

1*02 

881 

17 

- 0-9 

A. A 


1-07 

3685 

35 

39-4 

— ^ Hr 


Fig. 11-11. Land6’8 doublet formula applied to the lowest P term in various 
columns of the periodic system. 


an outer where the attracting charge was Z„ e. Z, should then b 
slightly less than the atomic number Z, and Z„ will be umty or 
a normal atom, 2 for a singly ionised atom, and will assume 
higher integral values if still more electrons are removed. 
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Working on tkese lines Land6 obtained for the separation of 
an alkali doublet the value 




.( 11 - 8 ) 


This clearly becomes identical with the Sommerfeld formtila, if 
Za is made equal to and if for the effective quantum number 


Spec- 

trum 

Configura- 

tion 

n* 

Interval 

cm."^ 




Nai 

3p 

2-12 

17-18 

11 

7*5 

3*5 

Men 

2*26 

91-65 

12 

9-5 

2*5 

Alin 


2-37 

238-0 

13 

11*0 

2*0 

Si IV 


2*45 

461-8 

14 

12*1 

1*9 

Pv 


2-6 

794-8 

15 

13*1 

1*9 

S VI 


2-56 

1267 

16 

14-2 

1*8 

Mg I 

3a. 3p 

1-66 

A«Po.2 

60-8 

12 

9-8 

2*2 

Ain 

1-96 

187*3 

13 

11*0 

2*0 

Si in 


2-13 

373 

14 

11*7 

2*3 

Piv 


2-26 

696*3 

15 

13*0 

2*0 

S V 


2-34 

1120 

16 

14*1 

1*9 


Big. 11-12. Land^’s doublet formula applied to the lowest P term in systems of 
11 and 12 electrons. 


71* is substituted the true quantum number n. In this equation 
71* is determined as usual by the equation 

= ( 11 - 9 ) 

where Ei is the energy of the doublet terms measured from the 
sequence hmit. The formula is interesting chiefly because it 
collates three empirical rules, previously unconnected. 

Long ago Kayser and Runge pointed out that in a series of 
homologous elements, such as lithium, sodium and potassium, 
a given interval increases rather more rapidly than the square 
of the atomic number. According to Land6’s formula this 
interval should vary as or roughly as since n* will 

change but httle (Fig. 11*11). 

Secondly, in a sequence of isoelectronic spectra, neither Z^ nor 
71* will vary greatly, so that the interval wiU be roughly pro- 
portional to Z^. The formula thus extends the well-known rule 




91 p; 

XI] land^i’s doublet eobmttla 

that isoelectromc arc and spark spectra are similar hnt drawn on 

scales whoseratio is 1:4 (Fig. 11-12). oi 

Thirdly, inside a single term sequence the mterv 
inversely as m*® (Fig. 11-13). 
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Con- 

figuration 

n* 
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Nai 

3p 

4p 

5p 

212 

3*13 

4-14 

17-18 

5-49 

2-49 

11 

7*5 

7*6 

7*7 

Csi 

6p 

7p 

8p 

9p 

2- 33 

3- 39 

4- 40 
6-40 

554-1 

181-1 

80-6 

45-1 

55 

49-1 

49-2 

48- 6 

49- 4 

Cbi 

5d 

6d 

7d ' 

8d 

2- 56 

3- 53 ! 

4- 53 
6-53 

97*69 
42*8 1 

20*9 

11*6 

55 

40*8 

44*1 

44-7 

45*0 

All 

3s®. 3p 
3s®. 4p 
3s®. 5p 
3s®. 6p 

1*61 

2-67 

3*70 

4-71 

112*01 

15*22 

6*96 

2*82 

13 

, 

11-6 

10-0 

10-2 

10-1 



Zni 

4s. 4p 

4s. 6p 

48. 6p 

4s. 7p 

1-59 

2*76 

3^78 

4-79 

A»P„.2 

578-7 

82-92 

30-91 

15-05 

30 

J 

28*3 

24*3 

23*9 

23*8 


Fig. 11-13. Land^’s doublet formula applied to various senes. 


But the formula does more than summarise these three rules, 
for it may be used to determine from the relation 


rr ^ 1'^ 


/ «,*®Z(i! + l) Av (11-10) 

\ B 

And in general the vatarot Z, thn. obtained 
weU .. eoneiatent. Thus tor P terms we >“8“ 

(Z-Z.) wonld he between 2 and 10, the aetoe deepen bei^ 
screened by the K shell and perhaps by part of the L sheU as w . 
AndinJinalargennmberot.J^a,Z.d^he^-e^a|o 
Unrite. Again, we nright enpeot that m the D terms (Z Z.) 
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wotild be rather greater than 10, and in fact the values obtained, 
though covering rather a wide range, are of this order. 

Besides these successes, the Lande formula is able to predict the 
intervals of the alkaline earth triplets, just as the Sommerfeld 
relativity formula does; figures illustrating the point are given 
here, but the explanation must wait until the manner in which 
electrons combine has been described. 

Gibbs and White have used the formula to calculate the 
intervals of the higher spark spectra of the long periods. 
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APPENDIX I 

KEY TO REEERENCES 

The periodicals, in which most papers appear, I have cited by the 
capitals introduced by Gibbs, the less common by the usual abbrevia- 
tions. A key to the former is given here; a key to the latter may be 
found in Science Abstracts. 

AJ Astrophysical Journal. 

AP Annalen der Physik. 

BSJ Bureau of Standards, Journal of Research. 

EEN Ergebnisse der Exacten Naturwissenschaften. 

J OS A Journal of the Optical Society of America. 

N Nature, 

Nw Naturwissenschaften. 

PM Philosophical Magazine, 

PR Physical Review. 

PR8 Proceedings of the Royal Society, London, series A. 

PZ Physikalische Zeitschrtft. 

ZP Zeitschrift fur Physik. 

An author’s initials are not given in the text unless two authors of 
the same name occur ; but all authors are given their initials in the 
index. 



APPENDIX II 

SOME PHYSICAL CONSTANTS 

The values of the physical constants used throughout this hook 
are those recommended by Birge* in 1929, but with the divergence 
between the deflection and spectroscopic values of ejm^ resolved. 
While the book was in the press, however, the second of two further 
papers by Birgej appeared ; this suggests a change in the accepted 
values of the fundamental constants e and h by no less than 0-7 
and 1-2 per cent, respectively, with consequent changes in all the 
derived constants. The change is due to a new determination of the 
viscosity of air, compelling a recalculation of Millikan’s work on 
the charge of an electron. At so late a stage it seemed imwise to 
change the constants throughout the book; the experimental results 
of too many different workers would have to be recalculated; so 
the old values have been left standing and the new values added 
m brackets. 

Spectra 

Velocity of light 

c = 2-9979e . 10 ^° cm. sec.“^ 

Rydberg constant for hydrogen 

JSh = 109677-759 ± 0-05 cm.-i 
Rydberg constant for helium 

Rse = 109722-403 ± 0-05 cm.“i 
Rydberg constant for infinite mass 
i2oo = 109737-42 ±0-06 om.“i 
Sommerfeld’s fine structure constant 

0 _p 2 

a=^ = 7-284.10“3 (7-296) 

a2= 5-306. 10-5 (5*323) 

1/a = 137-4 (137-06) 

Spectroscopic doublet constant 

. i^Qoa^ = 5-821 cm.-i (5-841) 

Zeeman displacement 

0^1 H = = 4-666 . 10“5 cm.-^ gauss"^ 

Energy 

Mechanical equivalent of heat 
J =4 - 1862 joule cal.-^ 

1 electron volt excites a line of wave-number 
8106om.-i (8057) 

* Birge, Bev. Mod, Phys, 1929, 1 , 69. 
t Birge, Science, 1934, 79, 438; PB, 1935, 48, 918. 
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1 electron volt excites a line of wave-length. 

12,336A. (12412) 

Energy of 1 electron volt 

1*5911. 10-12 erg (1.6012) 

1 electron volt molecule-i 

23,055 cal, mol.-i (23,198) 

Planck’s constant 

h = 6*547 • 10“^’ ©rg sec. (6*6286) 

Boltzmann’s constant 

1*372. 10-18 erg°C.-i 

Atoms and electrons 

Avogadro’s number 

iVo = 6*064. 1023 mol.-i 

Distance between nucleus and electron in normal hydrogen orbit 
flo = 0*5284 . 10-8 cm. (0*5289) 

Bohr unit of angular momentum 

^277= 1*042. 10-27 erg sec. (1*065) 

Bohr magneton 

fih 

/i^=;,-^=0-9166.10-“ erg gauaff-i (0-9271) 

47rW2rgC 

Magnetic moment per mol for one Bohr magneton per molecule 
IIjjNq = 5552 ± 10 erg gauss-i mol.-i (5622) 

Charge *. mass ratio of electron : 

e/m^c = 1 - 7575 . 107 e.m.u. gm.-i 
Electronic charge 

e=4*77o.lO-i<‘e.s.u, (4*8036) 
e/c= l*5910a . 10-20 e.m.u. (1*6022) 

Mass of electron: 

= 9*052. 10-28 gm. (9.116) 

Mass of hydrogen atom 

ilfH=l-667o. 10-24 gm. 

Ratio of mass of hydrogen atom to mass of electron: 

1835*6 
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NOTATION 

The notation used in the description of line spectra should not con- 
flict with that used in the description of molecular spectra; this is 
axiomatic. I hope I have paid due attention to the notation adopted 
by Jevons in his Report on Band Spectra. 

A: wave-length in vacuo, expressed in Angstrom units. 

A. ; Angstrom unit, cm. 

X: X unit, 10“^ A. 

c: velocity of light in vacuo, 

v'l freq[uency of vibration in vacuo • v^cjX. 

V : wave-number in cm."^ v = 1/A. 

E\ the energy of an atom in ergs measured from the ground state of the atom. 
Ev’. the energy of an atom in cm.-”^; — strictly this should not be called ‘energy’, 
but one can be too pedantic. 

E'^ : the energy of an atom in ergs, measured from the groimd state of the ion. 
W : the energy in ergs, which must be added to an atom to remove an electron 
to infinity. W = 

T\ term value in cm.”^ measured from the limit of a term sequence. Wjch, 
All wave-length of a series limit. 

Til wave-number of a series limit. Ti^ljXi, 

' and superscripts affixed to symbols which refer to the upper and lower 
states respectively; thus v = T"—T\ 

-> and denote emission and absorption; symbols for the upper and lower 
levels are always written to the left and right respectively of the arrows. 
A commoner notation uses a minus sign and places the lower level to the 
left. 

R and Rydberg constant and the effective quantum number. T = Rln*'^. 
m : the serial number. 

a: the quantum defect, defined by = where m is integral and a 

usually less than 1. 

Nai, Nan, Nam, ...: the arc, spark and second spark spectra of sodium. 
There seems good reason for adopting the suggestion made at a recent 
meeting of the Physical Society and writing these spectra Na, Na+ and 
Na2+, thus conforming to the notation of band spectra; if HCl i is 
awkward, so also is 1 1 . But I have hesitated to break a convention, which is 
imiversal. 

ni the chief quantum number. 

1 and s : the orbital and spin angular momenta of a single electron, 
j : angular momentum of an electron moving in an orbit, j =1-|- s. 

I, s, j: quantum numbers which determine 1, s and j. l = LA/ 27 r. 

L : atomic orbital momentum. L = 1^ -h I 2 + . . . . 

S : atomic spin momentum. S = -f Sg + . . . . 
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J : electronic angular momentum; the resultant angular momentum of a number 
of electrons. J = L + S = ji + ja-l-.... 

I: spin of the nucleus, Jevons uses T for this. 

F : angular momentum of the complete atom. F = J + 1. 

L, S, J, 7, jP: quantum numbers which determine the angular momenta 

L, S, J, I, F. ■L^L.hj^TT. 
s, p, d: states of electron in which ? = 0, 1, 2, .... 

S, P, D: states of atom in which L=Q, 1, 2, .... 

H : intensity of a magnetic field m gauss. 

Fi intensity of an electric field in volt/cm. 

m, mil quantum numbers which determine the projections of j, s and 1 on 
the axis of a magnetic or electric field. cos (jH). 

M, Mfi, Mj/. quantum numbers which determine the projections of J, S and L 

on the axis of a magnetic or electric field. Ar = J cos (JH). 

7T and a components: components polarised parallel or perpendicular to the 
magnetic or electric field, 
mass of an electron. 

ei charge on an electron in electrostatic units. 

M : mass of the nucleus. 

Z : atomic number. 

0^1 Lorentz unit or normal Zeeman interval in cm.~^ 
gi Land6’s magnetic splitting factor. ABIch—gOjn- 
^ : the magnetic moment of an atom or a nucleus in erg gauss”^. 
yiii : Bohr magneton. 

I nuclear magneton, = [jljJIS2S. 

V(j: the centroid of a multiplet in units cm.“^ 

V: the displacement of a component from the centroid of a multiplet term. 
y: electronic displacement. 

A : atomic interval quotient, or coefficient of magnetic interaction of resultant 
orbital and spin angular momenta. 

a: electronic interval quotient, or coefficient of magnetic interaction of electronic 
orbital and spin angular momenta. 
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Numbers in Clarendon refer to the second volume. 


Absorption spectra, 68 
rare earths, 81 
X-rays, 193 

Alkaline earths, arc and spark spectra, 
46 

inter-system lines, 67 
interval rule, 63 
isoelectronic spectra, 212 
jj coupling, 142 
singlets and triplets, 47 
Alkalis, doublet series, 23, 31-2 
doublet intensities, 107 
forbidden lines, 215 
isoelectronic spectra, 212 
Alternating intensities, 200-2 
Aluminium, 22-4 

absorption spectrum, 68 
displaced terms, 7 
displacement law, A1 m, 177 
Lande’s doublet formula, 215 
perturbed series, 151 
Analysis, hyperfine, 189 
multiplet, 48 
series, 18 
Zeeman, 99 
Angstrom unit, 5 

Anomalous Zeeman effect, 85, 144 
Antimony, 28-32 
fluorescence, 80 
Arc spectra, 46 
Argon, 39-44 
ionized, 38, 145 
level diagram, 40 
nebular lines, 218 
Arsenic, 28-32 

Atomic magnetism, atomic rays, 129 
electronic theory, 129 
paramagnetic ions, 135 
Atomic rays, 129 
nuclear spin, 201 
velocity selector, 200 
Atomic volumes, 161 
Auroral line, 35, 215-17 

Balmer series, 2, 5, 7, 9 
fine structure, 41 
reversal, 69 
Band spectra, 172 
nuclear spin, 201 


Bands, anti-Stokes, 233 
in phosphores, 233 
Barium, 46-58, 50 
abnormal intensities, 135 
Bergmann series, 22 
Beryllium, 46^8 
displaced terms, 6 
Moseley diagram, 204 
Bismuth, 28-32 

hyperfine structure, 169-70, 181-3, 
185 

magnetic moment, 133 
X-ray spectrum, 197-8 
Bohr magneton, 87, 128, 130 
Boltzmann distribution law, 70, 85, 234 
Boron, 22-4 
Bromine, 36-9 

Cadmium, 46-58 
displaced terms, 7 
hyperfine structure, 170-1, 207 
ionised, 67 

magnetic moment, 132 
Caesium, 18-39, 50 
doublet structure, 30 
intensities, 107-8 
level diagram, 39 
series, 39 

Calcium, 46-58, 50 
diffuse triplets, 56 
displaced terms, 1 
doublet limit, 158 
effective quantum numbers, 51 
intensities, 102 
ionised, 178, 205 
level diagrams, 50, 52, 2 
perturbed series, 151 
series, 48 
Carbon, 24-8 
Catalysts, 188 
Centroid of a multiplot, 65 
Cerium, 53, 78 
Chlorine, 36-9 

hyperfine structure, 207 
level diagram, 37 
Chromium, 57-8 
g factors, 125 
intensities, 106 
intervals, 148-9 


CAS 
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Chromium (conU) 
phosphores, 229-32 
Zeeman patterns, 117 
Cobalt, 61, 63 
intensities, 106 
magnetic moment, 134 
Coloured ions, 188 
Columbium, 54, 57 
Zeeman patterns, 103 
Column III, 22-4 
„ IV, 24-8, 140-2 

„ V, 28-32 

„ VI, 83-4 

Combination of electrons, energy rules, 
15 

equivalent electrons, 11 
inverted terms, 17 
unlike electrons, 9 
Combination principle, 21, 24 
Configurations, 179-93 
elements tabulated, 194^-5 
Copper, 66-9 
g factors, 155 
level diagram, 69 
magnetic moment, 132 
perturbed series, 151-4 
Zeeman patterns, 103-4, 118 
Correspondence principle, 13, 36, 93 
Coupling, deviations from RusseU- 
Saunders, 43-4, 122 
jj, 28, 136-43 
Russell-Saunders, 8-5, 22 
Covalency, 167, 172 
Crystals, energy levels, 228 

Ueutonic nuclei, 205, 214 
Diamagnetism, 127 
Diffuse series, 18 
doublets, 31, 34, 37 
formula, 23 
Stark effect, 158 
triplets, 54-6 
Zeeman types, 83 
Displaced terms, alkaline earths, 1 
Be and Mg, 6 
Zn, Cd and Hg, 7 

Displacement law for spectra, 175-8 
Displacements, atomic, 19, 128, 133 
electronic, 19, 128-33, 147-50 
in electric field, 146, 157-60 
in magnetic field, 112, 124 
sum rule, 124, 126 

Distribution law, Boltzmann’s, 70, 85, 
234 

Doublet formulae, irregular, 206 
Land6’s, 212-16 
regular, 208 


Doublet formulae (cont) 
screening, 206 
Sommerfeld’s, 210-11 ' 
spin, 208 

Doublet series, 23, 31-2 

Earth metals, 22-4 
Effective nuclear charge, 203 
Effective quantum number, 22 
Electric field, see Stark effect, 144 
Electron, in nucleus, 209-10 
magnetic moment of, 96 
mass of, 14, 44, 84 
Electron impact, 76 
Electron orbits, 10-13, 26-8, 207 
Electron theory of magnetism, 127 
Electronic angular momentum, see J, 
34 

Electronic displacements, 147-50 
Electronic structures, 179-95 
Electro valency, 167 

Energy of interaction of two vectors, 
orbital and spin vectors, 65 
in strong magnetic field, 112 
in weak magnetic field, 97 
Energy rules, multiplet, 15 
Enhanced lines, 46 
Equivalent electrons, 11 
Erbium phosphores, 242 
Erect terms, 35 

Europium, hyperfine structure, 199 
phosphores, 236 
valency, 78 

Excitation, by electron impact, 76 
by monochromatic light, 78 
potentials, 73 

Exclusion principle, periodic system, 
201 

combination of electrons, 11, 17 

Fine structure, constant, 210 
of helium, 44-5, 60-1 
of hydrogen, 40-4 
Fluorescence, in crystals, 228 
hyperfine, 192 
in vapours, 80 

Fluorescent crystals, chromium phos- 
phores, 229 
energy levels, 228 
Lenard phosphores, 245 
platino- cyanides, 246 
rare earth phosphores, 236 
uranyl salts, 241 
Fluorine, 36-9 
Fluorite, 236 

Forbidden lines, 27, 151, 215 
Frame elements, 184 
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Fundamental series, 22 
doublets, 32, 37 
formula, 23 
triplets, 57 

g, see Magnetic splitting factor, 90 
Gadolinium, 83 
Gallium, 22-4! 

nucleus, 211 
r, see Displacement 
Germanium, 24r-8 
Gold, 66-7 

magnetic moment, 132 
Ground terms, 68 

elements tabulated, 194 
long periods, 187, 45-7 
rare earths, 192, 80 
short periods, 183 

Hafnium, 53-4 
Halogens, 36 
Heavy hydrogen, 15, 167 
nucleus, 206, 214 
Hehum, 59-62 
ionised, 14, 44-5 
level diagram, 59 
Stark effect, 151-4 
Hydrogen atom, Bohr’s theory, 10 
electron orbits, 28 
magnetic moment, 132 
mechanical moment, 1 1 
wave mechanics, 15 

Hydrogen spectrum, Balmer’s series, 2, 
5, 13 

fine structure, 40-3 
series, 5 

Stark effect, 145-51 
Hyperfine structure, empirical, 166 
intensities, 183 
isotojie displacement, 187 
nuclear mass, 167 
Paschon-Back ettoct, 173 
vector model, 168 
Zeeman effect, 173 

Indium, 22-4 

absorption spectrum, 69-70 
Inert gases, 36-41 
diamagnetism, 139 
(j factors, 146-7 
intervals, 127 

Inner quantum number, see./, 34 
Intensities, alkali doublets, 107 
experimental, 90 
hyperfine, 183-7 
iron -frame elements, 104 
jj coupling, 150 


Intensities {cont.) 

normal multiplet, 35, 91 
quadripole, 227 
raies 'idtimea, 120 
sum law, 93, 135 
super multiplet, 101 
tables, 95-9 
X-ray, 196 
Zeeman, 98, 108 
Zeeman tables, 112-15 
Intermediate magnetic fields, 116 
Inter-system lines, 57 
jj coupling, 28 
Zeeman effect, 116 
Interval quotient, 65 
Interval rule, 63 
hyperfine, 173 
hyperfine perturbed, 197-9 
perturbation, 155 
Invariance, of g sum, 123, 123-6 
of r sum, 124, 126 
Inverted terms, 35, 16-20 
Iodine, 36-9 
jj coupling, 142 

Ionisation potentials, from electron im- 
pact, 72 

from series limit, 20-1 
long peiiods, 187, 189 
rare earths, 192, 74 
short periods, 182-3 
Iron, 59-61 

magnetic moment, 132 
Iron- frame elements, ground terms, 
46 

compared with other frames, 70—4 
paramagnetic ions, 140—3 
Irregular doublet law, 206 
Isoelectronic sequences, Moseley law, 
203-5 

screening doublets, 206—8 
spin doublets, 211-12 
Isotope dis[)lacemeut, 187-97 

./, definition, 34 

orientation in magnetic Hold, 88, 129- 
31 

series limit, 159 
jj coupling, 28, 136-43 
intensities, 150 

Krypton, 39-44 

J^ande’s doublet formula, 212 
Lanthanum, 50, 53 
f/ factors, 155 
Lead, 24-8 

fluoresoenee, 79 
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Lead (cont.) 

isotope displacements, 197 
magnetic moment, 133 
Lenard phosphores, 245 
Level diagrams, optical, 11, 24 
X-ray, 197-8 

Limit, calculation of series, 20 
displaced, 3 
miiltiplet, 31, 42, 159 
Lithium, 18-39 
hyperfine structure, 166, 168 
level diagram, 25 
Moseley diagram, 204 
nucleus, 214 
series, 19 

Zeeman patterns, 105 
Long periods, analysis, 4$ 
condgurations, 48 
ground terms, 45 
individual spectra, 49-70 
in periodic system, 183-7 
three rows compared, 70-4 
Lorentz unit, 84 
Lutecium, 50, 53 

hyperfine structure, 199 

Magnesium, 46-58 
displaced terms, 6 
intensities, 218 
intervals, 150 
ionised, 177 

Baschen-Back effect, 115, 117 
Zeeman effect, 105, 119 
Magnetic field, see Zeeman effect, 82 
Magnetic moment, of atoms, 132-4 
of electrons, 96 
of ions, 135^3 
of nucleus, 203 
Magnetic splitting factor, atomic rays, 
131 

definition, 90 
sum law, 123 
tabulated, 92-3, 100-1 
Magnetism, 187 
Manganese, 58-9 
intensities, 100, 106 
Zeeman effect, 116 

Mass effect in hyperfine structure, 167 
Matching strong and weak terms, 118 
Mercury, 46-58 

absorption spectrum, 70-2 
displaced terms, 7 
excitation potentials, 75 
forbidden line, 215 
hyperfine intervals, 197-9 
hyperfine structure, 190-2 
intensities, 101-3 


Mercury (cont.) 
ionised, 67 

isotope displacements, 193-5 
level diagram, 53 
magnetic moment, 132 
quadripole radiation, 222 
resonance radiation, 79 
Zeeman effect, 118 
Molecules, symmetrical, 201-2 
Molybdenum, 57-8 
intervals, 148-9 
Moseley’s law, optical, 199 
X-ray, 203-6 
Multiplets, 62 
analysis, 48 
intensities, 94-9 
Multiplicities in iron row, 175 

Nebular lines, 217 
Neodymium phosphores, 242 
Neon, 39-43 

absorption spectrum, 69 
hyperfine structure, 168 
intervals of s terms, 134 
jj coupling, 141 
series limits, 43, 159-60 
Stark effect, 155 
Neutronic nuclei, 205, 212-13 
Neutrons in nucleus, 209-10 
Nickel, 63-5 
g factors, 155 
intensities, 105-6 
magnetic moment, 134 
Stark effect, 158-60 
Nitrogen, 28-32 
inverted terms, 20 
level diagram, 29 
nebular lines, 218 
nucleus, 206-7, 214 
triplet limit, 32 
Normal Zeeman triplet, 134 
Notation in complex spectra, 49 
Nucleus, electric field of, 200 
magnetic moment of, 203-6 
spin of, 200 
structure, 208 
types of, 204-5, 208 

One line spectra, 76 
Orbits, exclusion principle, 201 
general atom, 26-8 
hydrogen, 10-13 
Orbital vector, 26 
Oxygen, 33-5 
auroral fine, 216-17 
intensities, 101 
level diagram, 33 
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Oxygen {cont.) 

magnetic moment, 134 
nebular lines, 218 
Paschen-Back effect, 106, 115 

PaUadium, 63-5 
Palladium frame elements, 188 
ground terms, 47 
paramagnetism, 143 
Paramagnetism, classical theory, 136-8 
frame elements, 140-3 
gases, 138 

Lange vin’s theory, 127 
rare earths, 138-40 
Partial Paschen-Back effect, 115 
intensities, 118-19 
Paschen-Back effect, empirical, 105 
hyperfine structure, 173 
intermediate fields, 117 
invariance of g sum, 123 
invariance of P sum, 125 
matching strong and weak terms, 
119 

partial effect, 115 
quadripole, 225 
vector model. 111 
Penetrating orbits, 27 
Periodic system, 161-202 
displacement law, 175 
electronic structures, 179 
exclusion principle, 201 
rare earths, 75 
valency, 166 
Periodic table, 163, 165 
Perturbation, 150-7 
hyperline, 197-8 
Phosphores, (^hroinium, 229 
Lenard, 245 
rare earth, 236 
Phos])horescence, 228-9 
Phosphorus, 28-32 

hyporfiiie structure, 207 
PhotoTuetry, 90 
PlatiiK )-cyanides, 246 
Platinum, 66 

Platinum frame elements, 189 
ground terms, 47 
paramagnetism, 143 

Polarisation in, I^isehen- Back effect, 
112-13 

qua(lri})olo radiation, 220 
8tark clfeet, 148, 154 
Zeeman elVeet, 112, 109 
Potassium, 18-39, 50 
dis])lacement law, 178 
olcetron impact, 78 
forbidden lines, 215 


Potassium {cont.) 
g sum, K n, 126 
hyperfine structure, 207 
magnetic moment, 132, 138 
Moseley diagram, 205 
quadripole line, 222-5 
Stark effect, 178 

Praseodymium phosphores, 238, 240, 
243 

Principal series, 18 
doublets, 31, 36 
formula, 23 
triplets, 51, 55 
Zeeman types, 83 
Protonic nuclei, 204, 210-12 
Protons in nucleus, 209-10 

Quadripole radiation, forbidden lines, 
215 

intensities, 227 
polarisation rule, 221 
quantum mechanics, 219 
selection rules, 220 
Zeeman effect, 221 

Quantum mechanics, hyperfine per- 
turbation, 199 
Paschen-Back effect, 117 
quadripole radiation, 219 
valency, 172 
Zeeman effect, 97 
Quantum of action, 10 

Radium, 46-58, 50 
Jiaies ulUmes^ 120 
Raman spectra, 228, 235 
Rare earths, 75-89 
absorption npcctra, 81 
arc and spark spectra, 79 
configuratioim, 190-2 
in periodic system, 75 
ionisation potentials, 192 
paramagnetism, 138 
phosphores, 236, 242-3 
valency, 77 
Regular doublets, 208 
Rt^sonanco potentials, 72 
Resonance radiation, 78 
Rhenium, 59 
Rhodium, 63 
Rubidium, 18-39, 50 
electron irnpacit, 78 
g sum, Rb ir, 126 
nucleus, 209 

Russell-Saundors (Coupling, 3-5, 22 
deviations from, 122 
Ruthenium, 59, 61 
r sum, 132 
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Rydberg constant, 2 
for helium, 14 
for hydrogen, 12 
for other atoms, 19 

Samarium, 86-9 
phosphores, 236-40, 243 
valency, 78 
Scandium, 50-3 
ionised, 178, 206 
Screening, constant, 203 
doublet, 206 

Selection rules, displaced terms, 4 
for J, 67 
for L, 26 

Paschen-Baok, 112-13 
quadripole, 220 
Stark, 148, 154 
X-ray, 196 
Zeeman, 89 
Selenium, 33-5 
Self-reversal, 18, 69 
Serial number, 19, 23, 49 
Series, 6, 18 
formula, 18-21 
intensities, 104 
limits, 10-11, 21, 158-65 
Sharp series, 18 
doublet, 31, 36 
formula, 21-3 
Stark effect, 168 
triplet, 54-6 
Zeeman types, 83 
Short periods, 181-3 
deep terms, 14 
elements, 21 
ground terms, 16-18 
irregularities, 22 
Silicon, 24-8 

doublet limit, 160 
ionised, 177 
level diagram, 25 
Silver, 66-7 

hyperfine structure, 207 
magnetic moment, 130-2 
Singlet spectra, 47 
Sodium, 18-39 

absorption spectrum, 68 
controlled electron impact, 77 
D lines in magnetic field, 106-10, 112- 
13 

displacement law, 177 
fluorescence, 79-81 
forbidden lines, 215 
Land6’s doublet formula, 216 
level diagram, 33 
magnetic moment, 132 


Sodium {cont.) 
nuclear spin, 201 
Paschen-Back effect, 115 
quadripole lines, 223-5 
Stark effect, 155 
Zeeman patterns, 85 
Spark spectra, 46 
Spectroscopic terms, 62 
Spin doublets, 208 
X-ray, 130 
Spin of nucleus, 200 
Spinning electron, doublet series, 32 
Zeeman effect, 94 
Stark effect, 144-60 
experimental, 144 
forbidden lines, 215 
in crystals, 234 
in hydrogen, 146 
in other elements, 151 
Stationary states, 3, 10 
Statistical weight of a term, 66 
Stripped atoms, 207 
Strong field, 106 
Strontium, 46-68, 50 
intensities, 102 
perturbation, 157 
Sulphur, 33-5 
Sum rules, g sum, 123 
r sum, 126 
intensity, 135 

Super multiplet, intensities, 101 

Tellurium, 33-5 
Temperature class, 49 
Terbium, valency, 78 
Terms, 3, 9, 11 
Thallium, 22-4 
absorption, 69-70 
fluorescence, 79 
hyperfine structure, 172-89 
intensities, 108 
isotope displacement, 194 
level diagram, 23 
magnetic moment, 132 
nucleus, 206 
Tin, 24-8 

magnetic moment, 133 
Titanium, 53-4 
g factors, 155 
r sum, 132 
intensities, 101, 106 
ionised, 178, 205 
Transition elements, 184 
Triplet terms, 49 
Tungsten, 58 


Uranyl salts, 241 
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Valency, 166-75 
rare earths, 77 
Vanadium, 54, 57 
Vector model, alkali doublets, 29 
combination of several electrons, 9 
displaced terms, 3 
general coupling, 135 
hyperfine intervals, 199 
hyperfine structure, 168, 172 
hyperfine Zeeman effect, 173 
interval rule, 65 
jj coupling, 27-8 
Paschen-Back effect, 111-12 
Stark effect, 167 
Zeeman effect, 88-9 

Wave mechanics, 3 
hydrogen atom, 15 
hyperfine structure, 176, 179 
Wave numbers, 5 
Weak field, 106 

X-rays, 193-200, 228 
spin doublets, 209-11, 130 
Xenon, 39-43 
Stark effect, 156-7 


Ytterbium, phosphores, 236 
valency, 78 
Yttrium, 50, 53 

Zeeman effect, 82-104 
analysis, 99 
anomalous types, 85 
hyperfine, 173 
intensities, 98, 108-20 
magnetic splitting factors, 92-3, 
100-1 

normal triplet, 82 
quadripole, 221 
quantum theory, 86 
spinning electron, 94 
unresolved patterns, 106 
Zinc, 46-58, 67 
displaced terms, 7 
Land6’s doublet formula, 215 
magnetic moment, 132 
Zirconium, 53-4 
doublet limit, 161 
<7 factors, 154, 156 
intensities, 106 
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